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ABSTRACT
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Spectrally Modulated Spectrally Encoded Framework Based Cognitive Radio in Mobile Environ-
ment.
Radio spectrum has become a precious resource, and it has long been the dream of wire-
less communication engineers to maximize the utilization of the radio spectrum. Dynamic
Spectrum Access (DSA) and Cognitive Radio (CR) have been considered promising to en-
hance the efficiency and utilization of the spectrum. Since some of the spectrum bands are
occupied by primary users (PUs), the available spectrum for secondary users (SUs) are non-
contiguous, and multi-carrier transmission technologies become the natural solution to oc-
cupy those non-contiguous bands. Non-contiguous multi-carrier based modulations, such
as NC-OFDM (non-contiguous Orthogonal Frequency Division Multiplexing), NC-MC-
CDMA (non-contiguous multi-carrier code division multiple access) and NC-SC-OFDM
(non-contiguous single carrier OFDM), allow the SUs to utilize the available spectrum.
Spectrally Modulated Spectrally Encoded (SMSE) framework offers a general framework
to generate multi-carrier based waveform for CR. However, it is well known that all multi-
carrier transmission technologies suffer significant performance degradation resulting from
inter-carrier interference (ICI) in high mobility environments. Current research work in
cognitive radio has not sufficiently considered and addressed this issue yet. Hence, it is
highly desired to study the effect of mobility on CR communication systems and how to
improve the performance through affordable low-complexity signal processing techniques.
In this dissertation, we analyze the inter-carrier interference for SMSE based multi-
carrier transmissions in CR, and propose multiple ICI mitigation techniques and carrier
frequency offset (CFO) estimator. Specifically, (1) an ICI self-cancellation algorithm is
adapted to the MC-CDMA system by designing new spreading codes to enable the sys-
tem with the capability to reduce the ICI; (2) a blind ICI cancellation technique named
iii
Total ICI Cancellation is proposed to perfectly remove the ICI effect for OFDM and MC-
CDMA systems and provide the performance approximately identical to that of the sys-
tems without ICI; (3) a novel modulation scheme, called Magnitude Keyed Modulation
(MKM), is proposed to combine with SC-OFDM system and provide ICI immunity feature
so that the system performance is not affected by the mobility or carrier frequency offset;
(4) a blind carrier frequency offset estimation algorithm is proposed to accurately esti-
mate the CFO; (5) finally, compared to traditional ICI analysis and cancellation techniques
with assumption of constant carrier frequency offset among all the subcarriers, subcarrier
varying CFO scenario is considered for the wideband multi-carrier transmission and non-
contiguous multi-carrier transmission for CR, and an ICI total cancellation algorithm is
proposed for the multi-carrier system with subcarrier varying CFOs to entirely remove the
ICI.
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Introduction
1.1 Overview of Cognitive Radio
Radio spectrum has become a precious resource, and it has long been the dream of wireless
communication engineers to maximize the utilization of the radio spectrum. Figure 1.1
presents the United States radio spectrum allocation chart in 2011, which indicates that
most of the frequency bands have been assigned for different users and only very small
portions are available for ISM usage [1]. AT&T Mobility was the biggest buyer in the B
block with 12 MHz bandwidth (i.e., 704-710 and 734-740 MHz), with 227 licenses totaling
$6.6 billion [2].
Although the spectrum is crowded, the allocated spectrum has not been effectively
utilized. Studies in recent years have shown that a very large portion of the radio spectrum
is unused or underused for long periods of time [3, 4]. In November 2002, FCC (Federal
Communications Commissions) released a report generated by the Spectrum Policy Task
Force [5] that reshaped the traditional models of spectral allocation and control. Dynamic
Spectrum Access (DSA) [6, 7] and Cognitive Radio (CR) [3, 4] are considered promising
to enhance the efficiency and utilization of the spectrum. In CR and DSA, three platforms
are proposed to enable the coexistence of primary users (PUs) and secondary users (SUs)
without harmful interference to one another, namely overlay CR, underlay CR and hybrid
overlay/underlay CR [8, 9].
1
Figure 1.1: Frequency Allocation Chart in United States
1.1.1 Dynamic Spectrum Access
Compared to the current static spectrum management policy, the Dynamic Spectrum Access
can encompass various approaches to spectrum reform, and the diagram of DSA with three
models is shown in Figure 1.2 [7, 10].
Dynamic Exclusive Use Model
Dynamic Exclusive Use Model is the basic model indicating that the spectrum bands are
licensed to services for exclusive use. One approach named “Spectrum Property Rights”
allows licensees to sell and trade spectrum and to freely choose technologies [11]; the
other one named “Dynamic Spectrum Allocation” tries to improve the spectrum efficiency
by dynamically assigning the spectrum according to spatial and temporal traffic statistics
of different services [12].
2
Figure 1.2: Dynamic Spectrum Access
Open Sharing Model/Spectrum Common Model
Open Sharing Model/Spectrum Common Model allows peer users to share the spectrum
[13]. The approaches of Open Sharing Model/Spectrum Common Model can be classified
as “centralized” and “distributed”. “Centralized Spectrum Sharing” controlled by a central
entity and “Distributed Spectrum Sharing” with various local policies are two strategies
under this model [10].
Hierarchical Access Model
Hierarchical Access Model is most compatible with the current spectrum management
which adopts a hierarchical access structure with PUs and SUs. In this model, the licensed
spectrum is opened to SUs while limiting the interference to the PUs (licensees). Three
approaches are proposed for spectrum sharing between PUs and SUs: Spectrum underlay,
overlay and hybrid (underlay/overlay) [8, 9].
• Spectrum Underlay: a spectrum management principle by which signals with a very
low power spectral density (PSD) can coexist, as a secondary user, with the primary
users of the frequency band(s), e.g., Ultra Wide Band (UWB) in Figure 1.3(a).
• Spectrum Overlay: a spectrum management principle where a SU uses a channel
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from a PU only when it is not occupied. Spectrum overlay techniques are based on
a detect and avoid mechanism such as Dynamic Frequency Selection. The SU senses
the frequency spectrum, if a PU is active, the channel will not be used as shown
in Figure 1.3(b), e.g., the RLANs use a frequency band that is also used by radar
systems.
• Spectrum Hybrid (Underlay/Overlay): a spectrum management principle by com-
bining underlay and overlay techniques, which applies overlay approach on the un-
occupied spectrum and applies underlay on the occupied spectrum by limiting the
interference as in Figure 1.3(c).
1.1.2 Cognitive Radio
Cognitive Radio was proposed by J. Mitola in 1998 and published later in an article in
1999 [3]. It is a context-aware intelligent radio potentially capable of autonomous recon-
figuration by learning from and adapting to the communication environment. It was a novel
approach in wireless communications that Mitola later described as [3]:
“The point in which wireless personal digital assistants (PDAs) and the related net-
works are sufficiently computationally intelligent about radio resources and related computer-
to-computer communications to detect user communications needs as a function of use
context, and to provide radio resources and wireless services most appropriate to those
needs”.
CR can be summarized as a radio with function of cognition cycle, shown in Figure
1.4, which includes three functions: Sense, Learn and Adapt.
• Sense: Periodically sense the environment/spectrum.
• Learn: Learn knowledge from the spectrum sensing results.
4
Figure 1.3: Three Approaches For Hierarchical Access Model
• Adapt: Dynamically adapt the transmission according to the learned knowledge to
better suit the environment.
1.2 Motivation
The Adapt process of CR aims to dynamically adapt the transmission technology corre-
sponding to the knowledge learnt from spectrum sensing results to better suit the envi-
5
Figure 1.4: Dynamic Spectrum Access
ronment. Since some of the spectrum bands are occupied by PUs, the available spectrum
for SUs becomes non-contiguous. To utilize the non-contiguous spectrum, multi-carrier
transmission technologies, such as Orthogonal Frequency Division Multiplexing (OFDM),
are natural choices for CR transmission. By turning off certain subcarriers to not transmit
on some frequencies, OFDM and other multi-carrier transmission technologies can easily
adapt their waveform to transmit on available non-contiguous spectrum.
Most of current research in CR has not sufficiently considered mobility and its effect
on the performance of cognitive radio. It is well known that all multi-carrier transmission
technologies suffer significant performance degradation resulting from inter-carrier inter-
ference (ICI) introduced by the carrier frequency offset (CFO) in high mobility environ-
ments. Hence, it is highly desired to study the performance of cognitive radio waveforms
in mobile environment and how to improve the system performance through affordable
low-complexity signal processing techniques.
Many methods in literature have been proposed to solve the carrier frequency offset
problem and mitigate the inter-carrier interference for OFDM system. Most of these meth-
ods use signal processing and/or coding to reduce the sensitivity of the OFDM system to
the frequency offset. For example, authors in [14] developed low-complexity minimum
mean-square error (MMSE) and decision-feedback equalizer (DFE) receivers to suppress
6
ICI based on the fact that the ICI power mainly comes from a few neighboring subcarriers.
Other researchers propose algorithms to estimate the carrier frequency offset, which can be
classified as data aided estimators [15, 16], using training/pilot data to estimate the CFO,
and blind estimators [17, 18, 19] utilizing the signal property without pilot training/data.
However, all existing CFO estimation or ICI cancellation methods are not without
their drawbacks. For CFO estimation methods, the estimation performance of blind esti-
mators is not as good as expected and with some restrictions for transmission; while the
throughput of the data-aided estimators becomes a problem since more training data for bet-
ter estimation will reduce the data rate significantly. For the ICI cancellation schemes, even
though all the existing ICI cancellation methods reduce ICI and improve BER performance
for the system, the performance improvement is very limited. The BER performance after
ICI cancellation is still significantly worse than the original system without ICI. More im-
portant, most of the existing ICI cancellation methods achieve the ICI reduction and BER
performance improvement at the cost of lowering the transmission rate and reducing the
bandwidth efficiency. There do exist some methods that do not reduce the date rate, how-
ever, such methods produce even less reduction in ICI. On the other hand, only a few of
these ICI cancellation methods are applied for MC-CDMA system with carrier frequency
offset to improve the performance of mobile MC-CDMA system.
More importantly, none of the existing ICI mitigation techniques have been done in
the context of cognitive radio. The non-contiguous and dynamic nature of the spectrum
and waveform in cognitive radio makes the ICI mitigation problem even more difficult to
solve.
1.3 Dissertation Contributions
In this dissertation, we analyze the inter-carrier interference for Spectrally Modulated Spec-
trally Encoded (SMSE) based multi-carrier transmissions for CR, and propose multiple ICI
7
mitigation techniques to reduce the inter-carrier interference as well as carrier frequency
offset (CFO) estimation algorithm to accurately estimate the CFO. Specifically, we have
• Proposed a novel spreading code for MC-CDMA system to embed ICI self-cancellation
capability without extra computation and data rate reduction.
• Proposed an ICI cancellation algorithm called Total ICI Cancellation to eliminate
the ICI effect for OFDM and MC-CDMA systems, and achieve a BER performance
almost identical to that of systems with no ICI. This work was implemented and
demonstrated at the IEEE Globecom conference in December of 2010 and received
the Best Demo Award .
• Proposed a novel modulation scheme, called Magnitude Keyed Modulation (MKM),
to combine with SC-OFDM system and offer the system with ICI immunity.
• Proposed a blind carrier frequency offset estimator to accurately estimate the carrier
frequency offset.
• Analyzed the effect of subcarrier varying carrier frequency offset scenario and pro-
posed an ICI total cancellation algorithm to totally remove the inter-carrier interfer-
ence.
1.4 Dissertation Outline
Chapter 1 introduces the cognitive radio and dynamic spectrum access and discusses the
motivation of the dissertation work. In chapter 2, a brief overview of multi-carrier mod-
ulations and non-contiguous multi-carrier modulations will be presented with the general
spectrally modulated spectrally encoded framework for cognitive radio. Chapter 3 presents
an introduction to carrier frequency offset and inter-carrier interference for different multi-
carrier transmissions. Chapter 4 presents the proposed inter-carrier interference reduction
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method, called ICI Self-Cancellation, for MC-CDMA system. A Total ICI Cancellation
algorithm is proposed in Chapter 5 for OFDM and MC-CDMA systems to totally remove
the inter-carrier interference. Chapter 6 analyzes the ICI effect on SC-OFDM system, and
proposes a novel modulation called “Magnitude Keyed Modulation” to provide the SC-
OFDM system with the ICI immunity feature. A blind carrier frequency offset estimation
algorithm is presented in Chapter 7, which provides accurate estimation of the CFO. Chap-
ter 8 discusses the subcarrier varying carrier frequency offset scenario and proposes an ICI
total cancellation algorithm to entirely remove the ICI effect.
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Overview of Multi-Carrier Transmission
for SMSE based Cognitive Radio
In this chapter, a brief overview of multi-carrier transmissions, including OFDM, MC-
CDMA, SC-OFDM, will be presented. The Spectrally Modulated Spectrally Encoded
(SMSE) framework is also described to create multi-carrier waveforms for cognitive ra-
dio.
2.1 Overview of Multi Carrier Transmission
Multi carrier transmission is the principle of transmitting data by dividing the data stream
into several bit streams, each of which has a much lower bit rate, and by using these sub-
streams to modulate several carriers [20]. The advantages of multi-carrier transmission in-
clude relative immunity to fading caused by transmission over more than one path at a time
(multipath fading), less susceptibility than single-carrier systems to interference caused by
impulse noise, and enhanced immunity to inter-symbol interference [21]. After many years
of further intensive research, today we appear to be on the verge of a breakthrough of
these techniques. Many of the implementation problems appear solvable and multi-carrier
transmission has become part of several standards.
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2.1.1 Orthogonal Frequency Division Multiplexing (OFDM)
The first systems using multi-carrier transmission were military HF radio links in the late
1950s and early 1960s. A special form of multi-carrier transmission, Orthogonal Frequency
Division Multiplexing (OFDM) [22], with densely spaced subcarriers with overlapping
spectra of the modulating signal, was patented in the U.S. in 1970. Instead of using steep
bandpass filters, OFDM time-domain waveforms are chosen such that mutual orthogonal-
ity is ensured even though spectra may overlap. It appeared that such waveform can be
generated using Fast Fourier Transform (FFT) and Inverse Fast Fourier Transform (IFFT)
at the transmitter and receiver.
Specifically, the OFDM uses a large number of close spaced carriers that are modu-
lated with low rate data. Normally these signals would be expected to interfere with each
other, but by making the signals orthogonal to one another there is no mutual interference.
This is achieved by having the carrier spacing equal to the reciprocal of the symbol period.
This means that when the signals are demodulated, they will have a whole number of cycles
in the symbol period and their contribution will sum to zero - in other words there is no
interference from other subcarriers.
2.1.2 Multi Carrier Code Division Multiple Access (MC-CDMA)
Multi Carrier Code Division Multiple Access (MC-CDMA) is a relatively new concept
[23]. Its development aimed at improved performance over multipath links. MC-CDMA
combines CDMA with multi-carrier transmission together.
This scheme was first proposed at PIMRC ’93 in Yokohama by Linnartz, Yee (U.
of California at Berkeley) and Fettweis (Teknekron, Berkeley, currently at U. of Dresden,
Germany) [24]. Linnartz and Yee showed that MC-CDMA signals can also be detected
with fairly simple receiver structures, using an FFT and a variable gain diversity combiner,
in which the gain of each branch is controlled only by the channel attenuation at that sub-
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carrier. Meanwhile, presentation of optimum gain control functions at PIMRC ’94 showed
that a fully loaded MC-CDMA system can operate in a highly time dispersive channel with
satisfactory bit error rate. These results appeared in contrast to the behavior of a fully
loaded DS-CDMA link that typically does not work satisfactorily with large time disper-
sion. Since 1993, MC-CDMA rapidly has become a active topic of research. Around 2000,
MC-CDMA has attracted tremendous attention, with entire conference sessions devoted to
it.
2.1.3 Single Carrier Orthogonal Frequency Division Multiplexing (SC-
OFDM)
The Single Carrier Orthogonal Frequency Division Multiplexing (SC-OFDM) [25] tech-
nique has received a lot of attention as an alternative transmission technique to the conven-
tional OFDM due to its better performance in multipath fading channels and lower peak to
average power ratio (PAPR).
SC-OFDM and similar technologies have been independently developed by multi-
ple research groups almost simultaneously. For example, Single Carrier Frequency Do-
main Equalization (SCFDE) [26, 27, 28, 29] and Carrier Interferometry Orthogonal Fre-
quency Division Multiplexing (CI/OFDM) [30, 31, 32] are essentially the same technology.
They combine benefits of multi-carrier transmission with single carrier transmission using
a cyclic prefix to allow frequency domain processing at receiver to exploit frequency diver-
sity.
2.2 SMSE Framework
The general analytic Spectrally Modulated Spectrally Encoded (SMSE) framework was
developed by Dr. Temple’s group [33, 34]. All the multi-carrier waveforms fall under the
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SMSE framework. Specifically, the analytic framework spectral representation is a series
of Hadamard vector products:
SSMSE = AΘ F (2.1)
where  means Hadamard product, A is amplitude function, Θ denotes the phase func-
tion and F presents the frequency function, and there are six waveform design variables to
control these functions, including input data, coding, orthogonality, windowing, frequency
component availability and frequency component use. Using vector to express these vari-
ables, we have:
• code c = [c1, c2, ..., cNF ], ci ∈ C, C denotes the complex number and NF is the
number of frequency samples;
• data d = [d1, d2, ..., dNF ], di ∈ C;
• window function w = [w1, w2, ..., wNF ], wi ∈ C;
• orthogonality o = [o1, o2, ..., oNF ], oi ∈ C, |oi| = 1;
• frequency assignment a = [a1, a2, ..., aNF ], ai ∈ {0, 1} and Pa ≡ ||a||2 ≤ NF ;
• used frequencies u = [u1, u2, ..., uNF ], ui ∈ {0, 1} and Pu ≡ ||u||2 ≤ Pa ≤ NF ,
which means users can only transmit on assigned frequencies.
• u can be modified to indicate the active/deactivated subcarriers for non-contiguous
multi-carrier transmission in Cognitive Radio.
13
2.2.1 Transmitter for SMSE Expression
The mth component of the kth data modulated symbol sk[m] in frequency domain can be
written as:
sk[m] = |cm||dm,k||wm|ej(θcm+θdm,k+θwm ) (2.2)
where |cm| , |dm,k| and |wm| denote the magnitude of mth code, data modulation and win-
dow function, and θcm , θdm,k and θwm represent the phases of them, respectively.
When further considering the orthogonality (o), frequency assignment (a) and use
(u), sk[m] becomes:
sk[m] = amum|cm||dm,k||wm|ej(θcm+θdm,k+θwm+θom,k ) (2.3)
where the product amum ∈ {0, 1} indicates the frequency occupation, which means the
actual transmitted frequency components are those for which amum = 1 for all m. θom,k =
[amum
m−1∑
i=0
]∆θok and θok = (2π/Pu) × k, which effectively places a linear phase progres-
sion across those frequency components that are used.
Combining the magnitude, phase and frequency terms as in Eq. (2.1), the vth user’s
mth component can be presented as:
s
(v)
k [m] = A
(v)
m,kΘ
(v)
m,kF
(v)
m (2.4)
where A(v)m,k = |c
(v)
m ||d(v)m,k||w
(v)
m |, Θ(v)m,k = e
j(θ
(v)
cm+θ
(v)
dm,k
+θ
(v)
wm+θ
(v)
om,k
)
and F (v)m = a
(v)
m u
(v)
m .
The time domain representation of SMSE symbols with index n is generated by ap-
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Table 2.1: SMSE Variable Instantiations for OFDM, MC-CDMA and SC-OFDM Signals
Operation OFDM MC-CDMA SC-OFDM
Data Modulation
MPSK,MQAM MPSK, MQAM MPSK, MQAM
relies on m,k relies on k relies on k
Coding
|c| = 1 |c| = 1 |c| = 1
θc = 0 θc ∈ (0, π) θc = 0
Windowing
|w| = 1 |w| = 1 |w| = 1
θw = 0 θw = 0 θw = 0
Orthogonality θo = 0 θo = 0 θom =
2πmk
Pu
Frequency Assignment a a a
plying NF -point IDFT (Inverse Discrete Fourier Transform) and taking the real part:
s
(v)
k [n] = Re{
1
NF
NF−1∑
m=0
A
(v)
m,kΘ
(v)
m,kF
(v)
m e
j2πfmtn} (2.5)
=
1
NF
NF−1∑
m=0
A
(v)
m,kF
(v)
m cos(2πfmtn + θ
(v)
cm + θ
(v)
dm,k
+ θ(v)wm + θ
(v)
om,k
)
where fm = m∆f , and ∆f is the frequency resolution. ∆t = 1/(NF∆f) and tn = n∆t.
Hence, simultaneous and independent operation of Nu users yields to
sk[n] =
1
NF
Nu∑
v=1
NF−1∑
m=0
A
(v)
m,kF
(v)
m cos(2πfmtn + θ
(v)
cm + θ
(v)
dm,k
+ θ(v)wm + θ
(v)
om,k
) (2.6)
2.2.2 OFDM via SMSE Analytic Expression
Table 2.1 shows the variable choice for different modulations. Since there is no windowing
(|wm| = 1, θwm = 0) or coding (|cm| = 1, θcm = 0) or orthogonality control (θom,k = 0) in
the basic OFDM and only one user can be considered (Nu = 1), themth spectral component
for the kth symbol shown in Eq. (2.3) simplifies to the expression as following:
sk[m] = amum|dm,k|ejθdm,k = amum(j ·Qm,k + Im,k) (2.7)
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where dm,k = |dm,k|ejθdm,k = (j·Qm,k+Im,k), Im,k andQm,k are the real part and imaginary
part of the data constellation. For example, when QPSK is applied, Im,k, Qm,k ∈ {±1};
while employing 64QAM, Im,k, Qm,k ∈ {±1,±3,±5,±7}.
The time domain signal for OFDM in Eq. (2.6) becomes
sk[n] = Re{
1
NF
NF−1∑
m=0
amum|dm,k|ej(2πfmtn+θdm,k )}
=
1
NF
NF−1∑
m=0
amum|dm,k| cos(2πfmtn + θdm,k) (2.8)
2.2.3 MC-CDMA via SMSE Analytic Expression
Compared to OFDM, multiple users are considered in MC-CDMA signal. The variables for
MC-CDMA signal can be simplified as |wm| = 1, θwm = 0 (no windowing) and θom,k = 0
(no orthogonality control). Meanwhile, the data variables only depend upon k due to the
spectral spreading (dm,k = dk). The SMSE expression in Eq. (2.3) can be simplified as:
sk[m] = amum|cm||dk|ej(θcm+θdk ) (2.9)
The code in Hadamard Walsh Code set is ±1, so |cm| = 1 and θcm ∈ {0, π}. The
further simplifies of Eq. (2.9) is:
sk[m] = amum|dk|ej(θcm+θdk ) = amum(j ·Qk + Ik)ejθcm (2.10)
where Ik and Qk depend on the modulation type. The time domain signal after IDFT
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process in Eq. (2.6) is
sk[n] = Re{
1
NF
NF−1∑
m=0
amum|dk|ej(2πfmtn+θcm+θdk )}
=
1
NF
NF−1∑
m=0
amum|dk| cos(2πfmtn + θcm + θdk) (2.11)
When considerNu users, the vth user’s contribution to SMSE component in frequency
domain is:
s
(v)
k [m] = a
(v)
m u
(v)
m |d
(v)
k |e
j(θ
c
(v)
m
+θ
d
(v)
k
)
(2.12)
where ∗(v) means ∗ for vth user.
The time domain signal for MC-CDMA system becomes the summation of all the
users’ time domain signals:
sk[n] = Re{
1
NF
Nu∑
v=1
NF−1∑
m=0
a(v)m u
(v)
m |d
(v)
k |e
j(2πfmtn+θ
c
(v)
m
+θ
d
(v)
k
)
}
=
1
NF
Nu∑
v=1
NF−1∑
m=0
a(v)m u
(v)
m |d
(v)
k | cos(2πfmtn + θc(v)m + θd(v)k ) (2.13)
2.2.4 SC-OFDM via SMSE Analytic Expression
Compared to the OFDM signal, SC-OFDM signal is applied with a spreading code, and
each data is transmitted over all the subcarriers. The orthogonality among the transmitted
symbols is maintained via an orthogonal phase term: the spreading matrix is exact the
normalized DFT matrix [25, 32].
Due to the spectral spreading, the data variables only depend upon k (dm,k = dk);
the phase term for kth symbol onto the mth subcarrier is θom,k =
2πmk
Pu
; the coding here is
orthogonal phase term that |cm| = 1 and θcm = 0. Hence the mth spectral component for
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the kth symbol without windowing shown in Eq. (2.3) simplifies to:
sk[m] = amum|dk|ej(θdk+θom,k ) (2.14)
After NF point IDFT, the time domain signal for SC-OFDM system becomes:
sk[n] = Re{
1
NF
NF−1∑
m=0
amum|dk|ej(2πfmtn+θom,k+θdk )}
=
1
NF
NF−1∑
m=0
amum|dk| cos(2πfmtn + θom,k + θdk) (2.15)
2.3 Conclusion
In this chapter, we provide a brief overview of multi-carrier transmissions, including OFDM,
MC-CDMA and SC-OFDM. We also present the introduction of the Spectrally Modulated
Spectrally Encoded framework to represent those multi-carrier waveforms for cognitive
radio.
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Inter-Carrier Interference of SMSE
based Cognitive Radio
In this chapter, an introduction to the carrier frequency offset and inter-carrier interference
for different multi-carrier waveforms will be presented.
In multi-carrier transmission technology such as OFDM and MC-CDMA, it is crucial
to maintain orthogonality among all the subcarriers. However, in a high speed mobile com-
munication channel, the orthogonality among subcarriers is destroyed by the frequency
offset introduced by Doppler shift due to high speed motion of vehicle, or by multipath
fading and phase variations in the received signal due to multiple scattering, or frequency
mismatch between the transmitter and receiver oscillators. The loss of orthogonality causes
interference from other subcarriers which is known as inter-carrier interference (ICI), lead-
ing to significant performance degradation.
To find the solution for this problem, let’s first take a look at how the carrier frequency
offset will produce the ICI and its effects on various multi-carrier transmission waveforms.
3.1 OFDM System with ICI
Assuming NF subcarriers are activated (amum = 1,∀m,m = 0, 1, ..., NF − 1), and when
only focusing on one transmission (which means NF symbols (dm,k,m = 0, 1, ..., NF − 1)
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are transmitted and index of k can be removed), at the receiver side of OFDM system, the
received signal in frequency domain on the mth subcarrier becomes
R[m] = s[m]HmS(0) +
NF−1∑
l=0,l 6=m
s[l]HlS(l −m) + nm,
= dmHmS(0) +
NF−1∑
l=0,l 6=m
dlHlS(l −m) + nm, m = 0, 1, . . . , NF − 1 (3.1)
where s[m] = |dm|ejθdm = dm is the transmitted signal on the mth active subcarrier in Eq.
(2.7), Hm and nm are the complex fading gain and additive white Gaussian noise sample
on the mth subcarrier, respectively. The sequence S(l −m) is the ICI coefficient from the
lth subcarrier to the mth subcarrier:
S(l −m) = sin(π(ε+ l −m))
NF sin(
π
NF
(ε+ l −m))
· exp
(
jπ
(
1− 1
NF
)
(ε+ l −m)
)
(3.2)
where ε is the normalized frequency offset (NFO) given by ε = f0
∆f
, f0 is the carrier
frequency offset, and ∆f is the subcarrier spacing.
From Eq. (3.1), it is clear that the received signal on mth subcarrier is not only the
s[m] with amplifying variable S(0), but also includes the data on all the other subcarriers
with different amplifying variables, which is known as the inter-carrier interference.
Using vector and matrix to represent the relationship between the transmitted signal
and the received signal, we have
~R = ~dHS + ~n , (3.3)
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where
~R = {R[0], R[1], . . . , R[NF − 1]} (3.4)
~d = {d0, d1, . . . , dNF−1}
~n = {n0, n1, . . . , nNF−1}
H = diag{H0, H1, . . . , HNF−1}
where diag{H0, H1, . . . , HNF−1} means diagonal matrix with diagonal element H0, H1,
. . . , HNF−1 and S is the ICI coefficient matrix having dimension NF × NF with lth-row
and mth-column elements given by Sl,m = S(l −m). The resultant matrix form of S is:
S =

S(0) S(−1) ... S(1−NF )
S(1) S(0) ... S(2−NF )
...
... . . .
...
S(NF − 1) S(NF − 2) · · · S(0)

(3.5)
3.2 MC-CDMA System with ICI
Assuming NF subcarriers are activated (amum = 1,∀m,m = 0, 1, ..., NF − 1) and there
are total Nu users in this system. When only focusing on one transmission (which means
Nu symbols (d
(v)
k , v = 1, ..., Nu) are transmitted and index of k can be removed), at the
receiver side of MC-CDMA system, the received signal in frequency domain on the mth
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subcarrier becomes
R[m] =
Nu∑
v=1
s(v)[m]HmS(0) +
NF−1∑
l=0,l 6=m
Nu∑
v=1
s(v)HlS(l −m) + nm,
=
Nu∑
v=1
d(v)β(v)m HmS(0) +
NF−1∑
l=0,l 6=m
Nu∑
v=1
d(v)β
(v)
l HlS(l −m) + nm, m = 0, 1, . . . , NF − 1
(3.6)
where s(v)[m] = |d(v)|e
j(θ
c
(v)
m
+θ
d(v)
)
= d(v)e
jθ
c
(v)
m is the transmitted signal on the mth active
subcarrier for vth user in Eq. (2.12), and β(v)m = e
jθ
c
(v)
m is the spreading code for vth user’s
data onto the mth subcarrier.
From Eq. (3.6), similar conclusion can be made that the received signal on the mth
subcarrier consists of the desired signal on mth subcarrier and the signal on all the other
subcarriers with a combining weight S(l −m).
Using vector and matrix to represent the relationship between the transmitted signal
and the received signal, we have
~R = ~dCHS + ~n , (3.7)
where C is an Nu ×NF spreading code matrix with C(v,m) = β(v)m , and
~d = {d(1), d(2), . . . , d(Nu)} (3.8)
At the receiver side of MC-CDMA system, to demodulate the data for each user,
assuming combining weight matrix is W = diag{W0,W1, ...,WNF−1}, the demodulated
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signal vector becomes:
~D = ~RWCH = ~dCHSWCH + ~nWCH (3.9)
= ~dS′ + ~n′
where S′ = CHSWCH is anNu×Nu matrix. If there is no ICI (S = I) in AWGN channel
(H = I and W = I), the S′ reduces to be identity matrix I, and the demodulated signal
vector becomes ~D = ~d+ ~n′.
The demodulated data for vth user (D[v]) can be represented as:
D[v] =
Nu∑
l=1
d(l)S′l,v + n
′
v = d
(v)S′v,v +
Nu∑
l=1,l 6=v
d(l)S′l,v + n
′
v (3.10)
Eq. (3.10) indicates that the demodulated symbol for vth user includes not only the
desired signal d(v) but also the interference from other users.
3.3 SC-OFDM System with ICI
Assuming NF subcarriers are activated (amum = 1,∀m,m = 0, 1, ..., NF − 1) and NF
data are spreading onto these NF subcarriers. When only focusing on one transmission
(which means NF symbols (dk, k = 0, ..., NF − 1) are transmitted), at the receiver side of
SC-OFDM system, the received signal in frequency domain on themth subcarrier becomes
R[m] =
NF−1∑
k=0
sk[m]HmS(0) +
NF−1∑
l=0,l 6=m
NF−1∑
k=0
s(v)HlS(l −m) + nm,
=
NF−1∑
k=0
dke
jθom,kHmS(0) +
NF−1∑
l=0,l 6=m
NF−1∑
k=0
dke
jθol,kHlS(l −m) + nm, (3.11)
m = 0, 1, . . . , NF − 1
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where sk[m] = |dk|ejθdkejθom,k = dkejθom,k is the kth transmitted signal on the mth active
subcarrier in Eq. (2.14), and ejθom,k = ej2πmk/NF is the spreading code for the kth symbol
onto the mth subcarrier.
From Eq. (3.11), it is clear that the received signal on themth subcarrier is not only the
sk[m] with amplifying variable S(0), but also includes the data on all the other subcarriers
with different amplifying variables.
Using vector and matrix to represent the relationship between the transmitted signal
and the received signal, we have
~R = ~dFHS + ~n (3.12)
where F is an NF × NF spreading code matrix with F(m, k) = 1√NF e
j2πmk/NF , k,m =
0, · · · , NF − 1, which is the normalized DFT matrix, and
~d = {d0, d1, . . . , dNF−1} (3.13)
For SC-OFDM system, assuming combining weight matrix is W, the demodulated
signal vector becomes:
~D = ~RWFH = ~dFHSWFH + ~nWFH (3.14)
= ~dS′ + ~n′
where S′ = FHSWFH is an NF ×NF matrix.
Hence the kth demodulated data (D[k]) can be represented as:
D[k] =
NF−1∑
l=0
d(l)S′l,k + n
′
k = dkS
′
k,k +
NF−1∑
l=0,l 6=k
dlS
′
l,k + n
′
k (3.15)
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Eq. (3.15) illustrates that the demodulated kth symbol includes not only the desired
signal dk but also the interference from other symbols.
3.4 Inter-Carrier Interference
The normalized frequency offset, ε = f0/∆f , can contain both integer and fractional com-
ponents with each having different effects on the system. The ICI coefficient in (3.2) is
periodic with period NF , i.e., SNF+ε(∗) = Sε(∗), and has two responses associated with
the integer and fractional parts of ε.
• For fractional ε variation as shown in Figure 3.1(a): the energy of S converges to
S(0) when ε = 0, indicating no interference from other subcarriers. However, as ε
increases more than zero, the energy in S spreads across all subcarriers. For larger ε
values, there is a higher percentage of energy “leakage” across the subcarriers. It is
important to note that dominant energy response of S remains in the S(0) component.
• For integer ε as shown in Figure 3.1(b): from the definition, integer ε variation corre-
sponds to a frequency offset whereby different subcarriers are identically mistaken.
Hence, when ε = l {l ∈ Z}: S(0) is not the largest component, instead, the
dominant response becomes the S(l); the largest weight in R[m] of (3.1) will be
with dm+l; and the decision for d̂m based on R[m] will be unreliable with very high
probability.
It is important to note that for the integer NFO, there is no interference but only mis-
taking. In other words, d̂m can be reliably determined using R[m + l] if ε = l. Compared
with the integer NFO, the estimation or cancellation of the fractional NFO is more difficult.
Hence, like most of the research work on ICI, the work of this dissertation will focus on
the fractional part.
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Figure 3.1: Magnitude of ICI Coefficient for different NFOs
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3.5 Conclusion
In this chapter, we study the multi-carrier transmissions for cognitive radio in the mobile en-
vironment, and analyze the inter-carrier interference effect caused by the carrier frequency
offset.
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Inter-Carrier Interference Reduction
Most ICI cancellation methods use signal processing and/or coding to reduce the sensitiv-
ity of the system to the frequency offset. For example, in [14], authors developed low-
complexity minimum mean-square error (MMSE) and decision-feedback equalizer (DFE)
receivers to suppress ICI based on the fact that the ICI power mainly comes from a few
neighboring subcarriers. In light of the same statement, an effective method known as
the ICI self-cancellation scheme has been proposed in [35] where copies of the same data
symbol are modulated on L adjacent subcarriers using optimized weights. In [36], a gen-
eralized ICI self-cancellation scheme has been proposed. In [37], an ICI self-cancellation
using data-conjugate method is proposed. There are few ICI cancellation technologies for
MC-CDMA system, although authors in [38] provide the analysis of the multiple access
interference (MAI) and ICI for MC-CDMA system with frequency offset.
4.1 Overview of Self-Cancellation for OFDM System
Considering the OFDM system with ICI in Eq. (3.1), the first term on the righthand side
represents the desired signal, the second term represents the ICI. If there is no frequency
offset between the transmitter and receiver, the second term drops to zero and S(0) = 1.
The existence of the second term in Eq. (3.1) causes significant performance degradation
of OFDM system.
ICI self-cancellation scheme is an effective ICI cancellation scheme proposed for
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OFDM [35]. Inspired by the observation that the ICI coefficients on adjacent subcarri-
ers are close, ICI self-cancellation scheme has been proposed to cancel the ICI in OFDM
in a very simple and elegant way. In ICI self-cancellation scheme for OFDM [35], every
data symbol is transmitted twice on two adjacent subcarriers. Generally, assuming there
are NF subcarriers (from 0 to NF − 1) and NF/2 symbols (from 0 to NF/2 − 1) to trans-
mit, symbol dm is transmitted over subcarrier 2m, and symbol −dm is transmitted over
subcarrier 2m+ 1, where m = 0, 1, ..., NF/2− 1.
Hence the received signal on even (2mth) subcarrier in AWGN channel (Hm = 1)
becomes:
R[2m] =
NF /2−1∑
l=0
[dlS(2l − 2m)− dlS(2l + 1− 2m)] + n2m,
= dm(S(0)− S(1)) +
NF /2−1∑
l=0,l 6=m
dl[S(2l − 2m)− S(2l + 1− 2m)] + n2m (4.1)
And the received signal on odd ((2m+ 1)th) subcarrier in AWGN channel is:
R[2m+ 1] =
NF /2−1∑
l=0
[dlS(2l − 2m− 1)− dlS(2l + 1− 2m− 1)] + n2m+1,
= dm(S(−1)− S(0)) +
NF /2−1∑
l=0,l 6=m
dl[S(2l − 2m− 1)− S(2l − 2m)] + n2m+1
(4.2)
At receiver side, the signal on the odd numbered subcarriers are multiplied by −1,
then summed with the signals on the even numbered subcarriers to create the final decision
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variables. Hence the decision of dm is determined on R′[m]:
R′[m] = (R[2m]−R[2m+ 1])
=
NF /2−1∑
l=0
dl[2S(2l − 2m)− S(2l − 2m− 1)− S(2l − 2m+ 1)] + n2m − n2m+1,
= dm[2S(0)− S(−1)− S(1)]
+
NF /2−1∑
l=0,l 6=m
dl[2S(2l − 2m)− S(2l − 2m− 1)− S(2l − 2m+ 1)] + n2m − n2m+1 (4.3)
Compared to Eq. (3.1), the effective ICI coefficient in Eq. (4.3) is reduced to be
[2S(2l − 2m) − S(2l − 2m − 1) − S(2l − 2m + 1)] and the number of summations is
reduced in half. From Figure 3.1, S(2l− 2m− 1) ≈ S(2l− 2m) ≈ S(2l+ 1− 2m), which
means [2S(2l−2m)−S(2l−2m−1)−S(2l−2m+1)] is very small. Figure 4.1 presents the
reduced magnitude of new coefficient [2S(2l−2m)−S(2l−2m−1)−S(2l−2m+1)] with
NF = 64,m = 16. Compared to the original ICI coefficient in Figure 3.1, the reduced new
coefficient has much lower leakage, indicating that the interference from other subcarriers
is significantly reduced.
Of course, by doing so, the data rate is cut in half since we can only useNF/2 subcarri-
ers to transmit the symbols and another NF/2 subcarriers to transmit the opposite symbols.
To maintain the same transmission data rate, higher modulation scheme is employed. For
example, an OFDM with ICI self-cancellation with QPSK modulation provides the same
data rate of a conventional OFDM with BPSK modulation. It has been shown in [35] that
self-cancellation significantly reduces ICI effect and improves the BER performance of
OFDM.
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Figure 4.1: Magnitude of ICI Coefficient after Self-Cancellation
4.2 ICI Self-Cancellation for MC-CDMA System without
Reducing Datarate
In this section, we apply the ICI self-cancellation concept into MC-CDMA system to re-
duce ICI and improve the BER performance of MC-CDMA system [39]. We show that
the ICI self-cancellation in MC-CDMA is equivalent to an MC-CDMA system with a new
spreading code set. Hence, the ICI self-cancellation for MC-CDMA has identical trans-
mitter and receiver structure without any changes except using different spreading codes.
In a typical orthogonal MC-CDMA system employing Hadamard-Walsh codes, the new
spreading code set happens to be a subset of the original spreading code set. Moreover,
to maintain the channel capacity, we can employ two sets of orthogonal Hadamard-Walsh
codes (one on the in-phase subcarrier and one on the quadrature subcarrier).
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By applying the ICI self-cancellation method to MC-CDMA, we propose to spread
users’ signal on only the even-numbered subcarriers and transmit the opposite signal on
odd-numbered subcarriers. Just like in OFDM ICI self-cancellation, the ICI can now be
cancelled out significantly.
Specifically, the vth user’s signal d(v) is now spread over NF/2 even numbered sub-
carriers (i.e., subcarrier 0, 2, 4, ..., NF − 2), the opposite signal is applied to all the odd
numbered subcarriers (i.e., subcarrier 1, 3, 5, ...NF − 1). The transmitted signal of vth user
now corresponds to
s(v)[n] = Re{ 1
NF
NF /2−1∑
m=0
d(v)β(v)m e
j2πf2mtn}
−Re{ 1
NF
NF /2−1∑
m=0
d(v)β(v)m e
j2πf2m+1tn} (4.4)
where the first term represents the signal on all the even numbered subcarriers and the
second term represents the signal on odd numbered subcarriers.
The total transmitted signal of Nu users now corresponds to
s[n] = Re{ 1
NF
Nu∑
v=1
NF /2−1∑
m=0
d(v)β(v)m e
j2πf2mtn}
−Re{ 1
NF
Nu∑
v=1
NF /2−1∑
m=0
d(v)β(v)m e
j2πf2m+1tn} (4.5)
However, since the signal is only spread over NF/2 subcarriers, the spreading code
length is also only NF/2. Hence, the total number of orthogonal users can be supported is
NF/2. In other words, the network capacity in terms of total number of users is cut in half.
This is the direct consequence of the self-cancellation mechanism. However, we can regain
the lost network capacity by introducing another set of spreading codes in the quadrature
subcarriers when BPSK modulation or other modulations which only use one dimension
32
(real or imaginary) to carry information is employed.
It is interesting and important to note that the MC-CDMA with ICI self-cancellation is
equivalent to an MC-CDMA system employing a new spreading code set which is a subset
of the original spreading code set. To explain this concept, let’s consider a simple example
where NF = 4. The original spreading code matrix is
C4 =

1 1 1 1
1 −1 1 −1
1 −1 −1 −1
1 −1 −1 1

(4.6)
and each row of the matrixC4 corresponds to one spreading code with code lengthNF = 4.
Now, the MC-CDMA with ICI self-cancellation only spreads the information over two even
numbered subcarriers (subcarrier 0 and subcarrier 2) and the spreading code matrix is
C2 =
 1 1
1 −1
 (4.7)
At the same time, the opposite of data d(v) is spread over the two odd numbered
subcarriers (subcarrier 1 and subcarrier 3) using the same spreading code matrix. This is
equivalent to an MC-CDMA system supporting two users with a spreading code matrix:
C′4 =
 1 −1 1 −1
1 −1 −1 1
 (4.8)
This new spreading code matrix can be generated from the original spreading code
matrix C4 by choosing all the odd numbered rows (row 1 and row 3).
Now, by multiplying the spreading code matrix C ′4 by j =
√
−1, we obtain another
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spreading code matrix
j ·C′4 =
 j −j j −j
j −j −j j
 (4.9)
Combine this code matrix with C ′4, we obtain a N by N spreading code matrix:
D4 =

1 −1 1 −1
1 −1 −1 1
j −j j −j
j −j −j j

(4.10)
Employing the spreading code matrix D, we have an MC-CDMA system with ICI
self-cancellation which can support NF users. Hence, the proposed MC-CDMA with ICI
self-cancellation can provide the same network capacity (in terms of number of users) when
one dimension modulations, e.g., BPSK modulation, is employed.
Now, we can generalize the algorithm of the proposed MC-CDMA system with ICI
self-cancellation as:
• Start with a NF by NF Hadamard-Walsh matrix CNF .
• Create a NF/2 by NF matrix C′NF/2 by choosing the odd rows of CNF .
• Multiple j =
√
−1 to C′NF/2.
• Create a NF by NF spreading code matrix
DNF =
 C′NF/2
j ·C′NF/2
 (4.11)
Now, by using matrix DNF as the spreading code matrix, no change needs to be made
to the MC-CDMA system transmitter and receiver while the ICI self-cancellation is em-
bedded in the system. Meanwhile, this system can support as much as NF orthogonal users
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without sacrifice the throughput like traditional ICI self-cancellation scheme for OFDM
[35] .
4.3 Performance of ICI Self-Cancellation for MC-CDMA
System
In this section, we use numerical simulation results to present the effectiveness of the pro-
posed ICI cancellation scheme. We provide BER simulation results for the proposed MC-
CDMA with ICI self-cancellation in both AWGN channel and multipath fading channels
compared with MC-CDMA without ICI self-cancellation. All the systems are assumed to
have NF = 64 subcarriers and employ BPSK modulation.
4.3.1 AWGN Channel
The simplest way to examine the effectiveness of the proposed ICI self-cancellation scheme
is to transmit signals through an AWGN channel with a constant frequency offset between
the transmitter and receiver. Figure 4.2 illustrates the BER versus SNR simulation results
for fully loaded (Nu = 64) MC-CDMA system without ICI self-cancellation (legend “with-
out SC”) and fully loaded MC-CDMA with ICI self-cancellation (legend “with SC”), when
ε = 0.1 and 0.4, and the BER performance of conventional MC-CDMA system without
ICI is provided as the baseline. It is evident that the MC-CDMA system suffers significant
performance degradation when ICI is present. On the other hand, MC-CDMA with ICI
self-cancellation demonstrates a much less performance degradation.
Figure 4.3 shows the BER versus NFO ε simulation results for the fully loaded MC-
CDMA systems when SNR = 5dB and 7dB. It is clear that when ε increases, both
the performance of traditional MC-CDMA system and MC-CDMA system with ICI self
system become worse, however, MC-CDMA system with ICI self-cancellation has better
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Figure 4.2: BER Performance for MC-CDMA system in AWGN channel v.s. SNR
BER performance, especially when ε becomes large.
4.3.2 Multipath Fading Channel
In a practical mobile multipath radio channel, time-variant multipath propagation leads to
Doppler frequency shift which is a random variable. Here we measure the performance
of the proposed ICI cancellation method in multipath fading channels. As a measure of
Doppler frequencies, we use the normalized maximum Doppler spread εmax, which is de-
fined as the ratio between the channel maximum Doppler spread to the subcarrier band-
width. Here, we assume a 4-fold multipath fading channel, whose coherence bandwidth
is:
BW = Nfold ·∆f = 4 · (∆f)c (4.12)
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Figure 4.3: BER Performance for MC-CDMA system in AWGN channel v.s. ε
where BW is the total bandwidth of the system and (∆f)c is the coherence bandwidth of
the channel.
The BER performance versus SNR of traditional MC-CDMA system and MC-CDMA
system with self-cancellation scheme in multipath fading channel are compared in Figure
4.4, with normalized maximum Doppler spread εmax = 0.2 and 0.3. Both systems are fully
loaded. It is obvious that the MC-CDMA system with ICI self-cancellation outperforms
the traditional MC-CDMA system in mobile environment, especially with higher mobility.
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Figure 4.4: BER Performance for MC-CDMA system in multipath fading channel
4.4 Performance of ICI Self-Cancellation for CI/MC-CDMA
System
Instead of using Hadamard-Walsh code matrix, Carrier Interferometry MC-CDMA (CI/MC-
CDMA) system utilizes the Carrier Interferometry (CI) code [40][41][42]. Similarly, the
ICI self-cancellation can also be embedded into the CI/MC-CDMA system by simply
changing the spreading code [43]. Specifically, the spreading code for CI/MC-CDMA
system with ICI self-cancellation can be generated as:
1. Start with a NF/2 by NF/2 CI code matrix CNF /2:
CNF /2(m,n) = exp(−j
2π
NF/2
mn) (4.13)
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2. Create an NF/2 by NF spreading matrix C′NF such that:
• C′NF (m, 2n) = CNF /2(m,n)
• C′NF (m, 2n+ 1) = (−1)CN/F 2(m,n)
3. Create an NF by NF spreading code matrix:
DNF =
 C′NF
j ·C′NF
 (4.14)
where j =
√
−1.
Now the spreading code from kth user to ith subcarrier, β(k)i , yields to:
1. When k ∈ [0, NF
2
− 1] and i ∈ [0, NF
2
− 1]:
• β(k)2i = exp(−j 2πNF /2ik);
• β(k)2i+1 = − exp(−j 2πNF /2ik);
2. When k ∈ [NF
2
, NF − 1] and i ∈ [0, NF2 − 1]:
• β(k)2i = exp(−j( 2πNF /2ik −
π
2
))
• β(k)2i+1 = − exp(−j( 2πNF /2ik −
π
2
))
By using matrix DNF in Eq. (4.14) as the spreading code matrix, no change needs to
be made to the CI/MC-CDMA system transmitter and receiver while the ICI self-cancellation
is embedded in the system and total NF orthogonal users can be supported.
Now, let’s use numerical simulation results to present the effectiveness of the proposed
ICI cancellation scheme for CI/MC-CDMA system. We provide BER simulation results for
the proposed CI/MC-CDMA ICI self-cancellation in both AWGN channel and multipath
fading channels compared with traditional CI/MC-CDMA system. All the systems are
assumed to have NF = 64 subcarriers.
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4.4.1 AWGN channel
Figure 4.5 to Figure 4.7 illustrate the BER performance versus SNR for fully/half loaded
traditional CI/MC-CDMA system and the proposed CI/MC-CDMA system with self can-
cellation. In these figures, the black dot line presents the traditional CI/MC-CDMA system
without ICI, and the blue line marked with stars denotes the traditional CI/MC-CDMA
system with ICI, while the red line with circles is the proposed CI/MC-CDMA system
with self-cancellation. In Figure 4.5, fully loaded (Nu = NF ) and BPSK modulation
are applied for both traditional CI/MC-CDMA system and CI/MC-CDMA system with
self-cancellation when ε = 0.2, while in Figure 4.6 half loaded (Nu = NF/2) and QPSK
modulation are applied for both traditional CI/MC-CDMA system and CI/MC-CDMA sys-
tem with self-cancellation when ε = 0.1. From both figures, it is evident that the proposed
ICI self-cancellation scheme provides much better performance compared to the traditional
CI/MC-CDMA system in ICI presence.
Figure 4.7 shows the fully loaded system (Nu = NF ) for higher throughput. Since
self-cancellation can only support fully loaded system with one dimensional modulation,
4ASK modulation is applied for CI/MC-CDMA system with self-cancellation to compare
with traditional CI/MC-CDMA system with QPSK when ε = 0.1. At lower SNR, the per-
formance of self-cancellation with 4ASK modulation performs slightly worse than tradi-
tional CI/MC-CDMA system with QPSK modulation. However, when SNR increases, the
performance of traditional CI/MC-CDMA system with QPSK modulation is not improved
much due to the ICI, while the performance of self-cancellation with 4ASK modulation
becomes much better, and larger gain is obtained for better BER requirement (e.g., 2dB
gain is obtained when BER=10−2 in Figure 4.7).
It is important to note that the performance of the proposed system depends signifi-
cantly on the number of users, since whenNu > NF/2, only the modulations which use one
dimension to carrier information can be applied to the proposed these K orthogonal users
in the CI/MC-CDMA system with self-cancellation. The BER performance versus number
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Figure 4.5: The BER performance for CI/MC-CDMA in AWGN Channel (BPSK, Nu =
NF and ε = 0.2)
of users (Nu) is shown in Figure 4.8 with the fixed SNR=8dB and ε = 0.3. The blue line
marked with stars and green line with triangles present the performance for CI/MC-CDMA
system with BPSK and QPSK modulation; while the red line marked with circle and pur-
ple line with diamond illustrate the performance for CI/MC-CDMA system with BPSK
and 4-ary modulation (QPSK is applied if Nu ≤ NF/2, 4ASK is applied if Nu > NF/2).
It is evident that when Nu increases, performances of both systems with BPSK modula-
tion degrades, but the self-cancellation provides much significant gain over the traditional
CI/MC-CDMA system. When Nu ≤ NF/2, QPSK modulation is applied to the proposed
system. When Nu > NF/2, the proposed system changes to use 4ASK modulation which
experiences a jump in BER performance. For different number of users (Nu) illustrated in
Figure 4.8, ICI self-cancellation with 4ASK provides much better performance compared
to the traditional CI/MC-CDMA system with QPSK modulation.
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Figure 4.6: The BER performance for CI/MC-CDMA in AWGN Channel (QPSK, Nu =
NF/2 and ε = 0.1)
4.4.2 Multipath Fading Channel
Figure 4.9 to Figure 4.11 present the BER performance versus SNR for fully/half loaded
traditional CI/MC-CDMA system and the proposed CI/MC-CDMA system with self can-
cellation in multipath fading channel. Figure 4.9 shows fully loaded (Nu = NF ) system,
and BPSK modulation is applied to both benchmark CI/MC-CDMA system and ICI self-
cancellation one with εmax = 0.2. Figure 4.10 illustrates half loaded (Nu = NF/2) system,
and QPSK modulation is applied to both systems with εmax = 0.1. From both figures, it
is evident that the proposed ICI self-cancellation scheme provides significant performance
gain in multipath fading channel with ICI.
Figure 4.11 shows the fully loaded system (Nu = NF ) for higher throughput. Here,
4ASK modulation is applied to CI/MC-CDMA system with self-cancellation since Nu >
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Figure 4.7: The BER performance for CI/MC-CDMA in AWGN Channel (QPSK, Nu =
NF and ε = 0.1)
NF/2 to compare with traditional CI/MC-CDMA system with QPSK when εmax = 0.1. At
lower SNR, the performance of self-cancellation with 4ASK modulation performs worse
than traditional CI/MC-CDMA. However, when SNR increases, traditional CI/MC-CDMA
system with QPSK modulation observes an error floor due to the ICI, while self-cancellation
system has no such floor and eventually outperforms traditional system.
4.5 Conclusion
In this chapter, we apply the ICI self-cancellation scheme into MC-CDMA system to re-
duce inter-carrier interference and improve BER performance. By spreading users’ signal
over even numbered subcarriers, and transmitting the opposite signal on adjacent odd num-
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bered subcarriers, the inter-carrier interference is greatly diminished and the BER perfor-
mance is significantly improved. Furthermore, two sets of orthogonal codes are applied
to maintain the same network capacity coupled with one dimensional modulations. We
find that the proposed MC-CDMA with ICI self-cancellation system is equivalent to an
MC-CDMA system with a new set of orthogonal spreading codes. Therefore, the proposed
ICI self-cancellation scheme is easy to implement without changing the transmitter and
receiver design or increasing system complexity. Simulation results in AWGN channel
and multipath fading channel confirm the effectiveness and efficiency of the proposed ICI
self-cancellation for MC-CDMA systems.
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Figure 4.9: BER performance for CI/MC-CDMA in multipath fading channel, fully loaded
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Figure 4.11: BER performance for CI/MC-CDMA in multipath fading channel, fully
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Total Inter-Carrier Interference
Cancellation
In the literature, all existing ICI cancellation methods are not without their drawbacks.
Even though all the existing ICI cancellation methods reduce ICI and improve BER perfor-
mance for the system, the performance improvement is very limited. The BER performance
after ICI cancellation is still significantly worse than that of the original system without ICI.
More important, most of the existing ICI cancellation methods achieve the ICI reduction
and BER performance improvement at the cost of lowering the transmission rate and re-
ducing the bandwidth efficiency. There do exist some methods that do not reduce the date
rate, however, such methods produce even less reduction in ICI. Nevertheless, only a few of
these ICI cancellation methods are applied for MC-CDMA system with carrier frequency
offset to improve the performance of mobile MC-CDMA system. Hence it is imperative
to propose a new general inter-carrier interference cancellation for both OFDM and MC-
CDMA systems which can cancel the effect of ICI perfectly without sacrificing the data
rate.
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5.1 General Expression for OFDM and MC-CDMA Sys-
tems with ICI
For more general case, let’s generate the universe expression for the OFDM and MC-
CDMA systems. According to Eq. (3.3) and Eq. (3.7), the received signal vector in
AWGN channel of OFDM and MC-CDMA systems can be presented as:
~R = ~dCS + ~n , (5.1)
where C is NF × NF identity matrix for OFDM system, while C becomes Nu × NF
spreading code matrix for MC-CDMA system, e.g., Nu rows of NF ×NF size Hadamard-
Walsh code matrix.
From Eq. (5.1), it is obvious that the received signal on all the subcarriers can be
viewed as a new MC-CDMA signal with a new spreading code matrix CS.
Now, it is important to note that the ICI coefficient matrix S is an orthonormal matrix,
i.e.,
SSH = I (5.2)
where SH is the conjugate transpose of matrix S and I is identity matrix.
Hence, the OFDM or MC-CDMA signal with ICI at receiver side can be considered
as a new orthogonal MC-CDMA system with spreading code matrix CS. As a direct
result, the ICI can be totally removed from the new MC-CDMA signal if we apply a matrix
multiplication of (CS)H to ~R in Eq. (5.1), yielding:
~Y = ~RSHCH = ~d+ ~nSHCH (5.3)
Next, we can simply make decision of ~d based on the sign of ~Y . Since SH is also an
49
orthonormal matrix, the noise vector ~nSH in ~Y has the same covariance matrix as that of
~n. Hence, the entire ICI is eliminated and the BER performance would be the same of an
MC-CDMA system without ICI at all.
Now the problem is: the receiver does not know the spreading code matrix S because
the normalized frequency offset ε is unknown. Hence, it has been proposed to estimate
the normalized frequency offset ε through some training symbols. Of course, by doing so,
some bandwidth needs to be allocated for the training symbols, and sophisticated frequency
offset estimation algorithms need to be implemented at receiver side.
5.2 Analysis in AWGN Channels
Here, we propose the Total ICI Cancellation scheme to eliminate ICI on mobile OFDM
and MC-CDMA systems without transmitting any training symbols (and reducing data
rate) [44][45]. While the normalized frequency offset ε is unknown to the receiver, we can
quantize ε into K equally spaced values:
ε′k = k ·∆ε, k = 0, 1, . . . , K − 1 (5.4)
where ∆ε is the quantization level of normalized frequency offset, and K is the number of
quantization levels:
∆ε =
1
K
(5.5)
One of these K quantized ε′s is the closest to the true ε.
Now, we can build K parallel branches at the receiver. Each branch uses one of the K
quantized ε′s to create the corresponding ICI coefficient matrix S̃. Hence, we have K ICI
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coefficient matrices S̃0, S̃1, · · · , S̃K−1 where the kth matrix corresponds to:
S̃k =

Sk(0) Sk(−1) ... Sk(1−NF )
Sk(1) Sk(0) ... Sk(2−NF )
...
... . . .
...
Sk(NF − 1) Sk(NF − 2) · · · Sk(0)

(5.6)
and
Sk(l −m) =
sin(π(ε′k + l −m))
NF sin(
π
NF
(ε′k + l −m))
· exp
(
jπ
(
1− 1
NF
)
(ε′k + l −m)
)
(5.7)
Using these K matrices, we can have K decisions on the transmitted data vector ~d
where the kth branch will make decision on the estimation of ~d.
~̂dk = Decision{~RS̃Hk CH} (5.8)
For example, Decision{x} can simply be the sign of the real part of x if BPSK modulation
is applied.
Next, with the data vector estimation ~̂dk, each branch can reproduce the received signal
~̂Rk by using the data vector estimation ~̂dk and the ICI coefficient matrix of that branch S̃k:
~̂Rk = ~̂dkCS̃k (5.9)
It is easy to understand that the one branch whose ε′k is the closest to the true value of ε
should reproduce the received signal ~̂Rk also being the closest to the received signal vector
~R. Hence, we only need to calculate and compare the Euclidean distances between the K
reproduced received signal vectors ~̂Rk and the truly received signal vector ~R, and pick the
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Figure 5.1: || ~̂Rk − ~R||2 versus ε′k − ε
one with the minimum distance to be the best branch and use that branch’s estimated data
vector as the final decision:
~̂d = argmin{|| ~̂Rk − ~R||2} (5.10)
where || ~̂Rk − ~R||2 represents the Euclidean distance between vector ~̂Rk and vector ~R.
Figure 5.1 shows the || ~̂Rk − ~R||2 versus (ε′k − ε) for different SNR, and it is clear that
when there is no noise, || ~̂Rk − ~R||2 reaches the optimum when (ε′k − ε) = 0. Meanwhile,
at high SNR, the optimum also occurs when |ε′k − ε| is very small.
It is important to note that the complexity of the proposed Total ICI Cancellation
method increases linearly with the quantization level K, keeping the computational com-
plexity at a reasonable range. The increased complexity is not significant, especially when
K is small.
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5.3 Analysis in Multipath Fading Channel
Similar to the analysis in AWGN channel, the received signal of OFDM/MC-CDMA sys-
tem can be represented as
~R = ~dCHS + ~n , (5.11)
where C is similar to Eq. (5.1). The received signal ~R in Eq. (5.11) can also be viewed
as a new MC-CDMA system. Hence, if the spreading code matrix S is known, we can
eliminate the ICI by multiplying SH to the received vector ~R.
So the Total ICI Cancellation scheme works the same way as in AWGN channel with
only one exception: the fading channel characteristics H needs to be estimated at the re-
ceiver side (which is required for OFDM and MC-CDMA transmissions). Consider the
fading effects, we can use a combining technique to improve the estimation performance
of ~d:
~̂dk = Decision{~RS̃Hk WCH} (5.12)
where W is a diagonal matrix containing the combining weights, e.g., W becomes an
identity matrix if equal gain combining (EGC) is applied. The reproduced received signal
vector now also has to consider the fading effects:
~̂Rk = ~̂dkCHS̃k (5.13)
The block diagram of the proposed Total ICI Cancellation scheme is shown in Figure
5.2.
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Figure 5.2: Block Diagram of the Total ICI Cancellation
5.4 Performance of Total ICI Cancellation for OFDM Sys-
tem
In this section, we use numerical simulation results to present the effectiveness of the pro-
posed Total ICI Cancellation scheme for OFDM system [44]. We provide BER simulation
results for the proposed Total ICI Cancellation scheme in both AWGN channel and mul-
tipath fading channels. All the systems are assumed to have NF = 32 subcarriers and
employ BPSK modulation.
5.4.1 AWGN Channel
First, we analyze the BER performance in AWGN channel with constant carrier frequency
offset. Figure 5.3 illustrates the simulation result when the NFO ε = 0.3. In the Total
ICI Cancellation scheme, we use K = 10. In both figures, the blue line shows the BER
performance of OFDM without ICI, the green line marked with circles represents the per-
formance of OFDM with ICI, and the red line marked with stars represents that of our
proposed Total ICI Cancellation scheme. Since we chose K = 10, the quantization level
of normalized frequency offset (∆ε) becomes 0.1. Hence, one of the K branches actually
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has the perfect ICI coefficient matrix to work with.
To prove the effectiveness of our Total ICI Cancellation method in all scenarios, Figure
5.4 presents the results when ε = 0.287532, so none of theK branches matches the actual ε.
It is obvious from these figures that the BER performance of OFDM significantly degrades
due to ICI, but the Total ICI Cancellation scheme effectively eliminates the ICI and provides
the same BER performance as that of an OFDM without ICI.
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Figure 5.3: BER Performance for OFDM system in AWGN channel, ε = 0.3
Figure 5.5 shows the BER performance versus ε. It is evident that with the increase of
ε, the BER performance of OFDM significantly degrades while the OFDM with Total ICI
Cancellation keeps the same performance despite the carrier frequency offset.
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Figure 5.4: BER Performance for OFDM system in AWGN channel, ε = 0.287532
5.4.2 Multipath Fading Channel
As a measure of Doppler frequencies, we use the normalized maximum Doppler spread
εmax, which is defined as the ratio between the channel maximum Doppler spread to the
subcarrier bandwidth. We use the Hilly Terrain (HT) channel models defined by the GSM
standard as our channel model.
Figure 5.6 shows the case when εmax = 0.3. In the Total ICI Cancellation scheme, we
use K = 10. It is clear from this figure that the proposed Total ICI Cancellation entirely
eliminates the effect of ICI and matches the performance of the OFDM without ICI in
fading channels as well.
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Figure 5.5: BER Performance for OFDM system in AWGN channel with fixed SNR
5.4.3 Complexity
Figure 5.7 illustrates the effect of the number of normalized frequency offset quantization
levels K on the performance of the proposed Total ICI Cancellation scheme. In Figure 5.7,
three BER versusK curves of different SNRs are shown. It is easy to understand that when
K increases, more quantization levels are used and better ICI coefficient matrix estimation
is achieved, so the performance of the proposed scheme also improves. As shown in Figure
5.7, when K is very small, the proposed Total ICI Cancellation scheme actually offers
pretty bad performance due to the large quantization error. However, whenK increases, the
Total ICI Cancellation converges fast and provides ICI cancellation and BER improvement
quickly. When K is larger than 5, there is no noticeable performance gain to increase
the quantization level. This can be explained as follows: when the quantization step ∆ε
is small enough, the Total ICI Cancellation’s ICI cancellation capability is sufficient to
remove all the inter-carrier interference and there is no need to decrease ∆ε anymore. It is
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Figure 5.6: BER Performance for OFDM system in multipath fading channel
evident from Figure 5.7 that the computational complexity of the proposed scheme is very
reasonable.
5.5 Performance of Total ICI Cancellation for MC-CDMA
System
In this section, we use numerical simulation results to present the effectiveness of the pro-
posed Total ICI Cancellation scheme for MC-CDMA system [45]. We provide BER simu-
lation results for the proposed Total ICI Cancellation scheme in both AWGN channel and
multipath fading channels compared with Self-Cancellation schemes for MC-CDMA sys-
tem. All the systems are assumed to have NF = 64 subcarriers, full loaded and employ
BPSK modulation.
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Figure 5.7: Effect of NFO Quantization Levels (K) in AWGN channel, ε = 0.1
5.5.1 AWGN Channel
Figure 5.8 illustrates the simulation result when ε = 0.1. In the Total ICI Cancellation
scheme, we use K = 10. In this figure, the blue line shows the BER performance of
MC-CDMA without ICI, the magenta line marked with circles represents the performance
of MC-CDMA with ICI, the red line marked with square represents that of our proposed
Total ICI Cancellation technology, and the green line with triangle shows the performance
of self-cancellation scheme. Again, since we choose K = 10, so the quantization level
of normalized frequency offset ∆ε = 0.1. Hence, one of the K branches actually has the
perfect ICI coefficient matrix to work with.
To prove the effectiveness of our Total ICI Cancellation method in all scenarios, Figure
5.9 presents the results when ε = 0.485372, so none of the K branches matches the actual
ε, and the BER performance of Total ICI Cancellation scheme also matches with the MC-
CDMA system without ICI.
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Figure 5.8: BER Performance for MC-CDMA system in AWGN channel, ε = 0.1
From these figures, it is evident that the proposed Total ICI Cancellation technology
provides MC-CDMA system the same BER performance as that of a MC-CDMA without
ICI no matter what ε is, while other two systems degrade when ε increases. Meanwhile,
the Total ICI Cancellation scheme provides much more gain compared to the other two
systems when NFO increases.
Figure 5.10 shows the BER performance versus normalized frequency offset ε when
SNR= 5dB. It is obvious that when the normalized frequency offset ε increases, the
BER performance of MC-CDMA significantly degrades, and that of MC-CDMA with self-
cancellation scheme also becomes worse, but the Total ICI Cancellation scheme eliminates
the ICI and keeps the same performance despite the frequency offset.
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Figure 5.9: BER Performance for MC-CDMA system in AWGN channel, ε = 0.485372
5.5.2 Multipath Fading Channel
Figure 5.11 shows the case when εmax = 0.4. In the Total ICI Cancellation scheme, we
use K = 10. The legend is the same as in AWGN channel. It is clear from these figures
that the proposed Total ICI Cancellation entirely eliminates the effect of ICI and matches
the performance of the MC-CDMA without ICI in fading channels as well, no matter what
NFO is; while other two bench marks have much worse performance, especially when NFO
becomes large.
5.5.3 Complexity
Figure 5.12 illustrates the effect of the number of normalized frequency offset quantization
levels K on the performance of the proposed Total ICI Cancellation scheme. In Figure
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Figure 5.10: BER Performance for MC-CDMA system in AWGN channel, SNR = 5dB
5.12, four BER versus K curves of different SNRs are shown. It is easy to understand
that when K increases, more quantization levels are used and better ICI coefficient matrix
estimation is achieved, so the performance of the proposed scheme also improves. As
shown in Figure 5.12, when K increases, the Total ICI Cancellation converges fast and
provides ICI cancellation and BER improvement quickly. When K is larger than 7, there is
no noticeable performance gain to increase the quantization level. It is evident from Figure
5.12 that the computational complexity of the proposed scheme is very reasonable.
5.6 Demonstration via Software Defined Radio
To illustrate the effectiveness of the proposed Total ICI cancellation method, we imple-
ment this algorithm on a software defined radio (SDR) [46] and integrate it into our SDR
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Figure 5.11: BER Performance for MC-CDMA system in multipath fading channel
based cognitive radio demonstration [47]. In the demonstration, we use the Universal Soft-
ware Radio Peripheral (USRP) [48] SDR platform to implement an OFDM/NC-OFDM
(non-contiguous OFDM) transmitter and receiver. We then use a Spirent SR5500 wireless
channel emulator to emulate the multipath fading channel and the Doppler shift between
the transmitter and receiver. The demonstration setup is shown in Figure 5.13(a).
In the demonstration, the carrier frequency is 515MHz, the total transmission band-
width is 2MHz. The total number of subcarriers is 64, the frequency separation between
adjacent subcarriers is ∆f = 31.25KHz. Figure 5.13(b) compares the spectrum. The
spectrum in red is the transmission, while the spectrum in blue is the received spectrum
with normalized carrier frequency offset ε at 0.3. Obviously, the receiver needs to elimi-
nate this frequency offset to perfectly demodulate the data.
From Figure 5.13(a), we can see on the two laptop screens that real-time video and
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Figure 5.12: Effect of NFO Quantization Levels (K) in AWGN channel, ε = 0.123456
audio transmission over the cognitive radios is supported seamlessly. Part of this work was
demonstrated in IEEE Globecom 2010 and received the Best Demo Award [47].
To statistically show the benefit of the proposed algorithm, we conducted thorough
tests and experiments in environments with and without carrier frequency offset.
• Case 1: In this case, no Doppler shift is introduced, and there is no ICI effect. 98.13%
of the transmitted packets are successfully received and 99.4% of the received packets
have no error.
• Case 2: In this case, a normalized frequency offset ε = 0.3 is introduced into the
system along with the multipath fading, leading to the ICI effect. No packet can be
received (100% packet loss), and the system breaks down.
• Case 3: In this case, a normalized frequency offset ε = 0.3 is introduced into the
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system along with the multipath fading, and the proposed Total ICI cancellation al-
gorithm is employed in the receiver. 98.1% of the transmitted packets can be suc-
cessfully received and 99.26% of them have no error.
The demonstration vividly shows the effectiveness of the proposed scheme.
(a) Software Defined Radio Based Demonstration Setup
(b) Spectrum Comparison with and without frequency offset, Captured by USRP
Figure 5.13: Demonstration Setup and Spectrum Comparison
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5.7 Conclusion
In this chapter, we proposed a novel inter-carrier interference cancellation scheme called
Total ICI Cancellation for OFDM and MC-CDMA systems in mobile environments. Taking
advantage of the orthogonality of the ICI coefficient matrix, the proposed ICI cancellation
scheme can eliminate the ICI experienced in mobile OFDM and MC-CDMA systems en-
tirely and provide significant BER improvement which matches the BER performance of
OFDM and MC-CDMA systems without ICI at all. The proposed Total ICI Cancellation
scheme provides perfect performance, and it doesn’t reduce the bandwidth efficiency of
the system like many existing ICI cancellation methods. Simulations over AWGN channel
and multipath fading channel, as well as the demonstration, confirm the effectiveness of the
proposed scheme. Finally, the Total ICI Cancellation scheme achieves superb performance
at a very reasonable computational complexity which linearly grows with the number of
normalized frequency offset quantization.
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ICI Immunity: SC-OFDM via
Magnitude Keyed Modulation
Let’s revisit the ICI Self-Cancellation scheme here. It is better to treat this scheme as a
modulation which is a simple MC-CDMA system with a new spreading code set, rather
than an ICI cancellation scheme, because there is no extra computation required to cancel
the ICI effect. However, the ICI self cancellation cannot entirely remove the ICI and the
performance of this new modulation scheme is not as good as when there is no ICI. Hence,
it is highly desired to design a modulation which is immune to the ICI. In other words,
no matter what the CFO is, the performance of the proposed modulation will maintain the
same.
6.1 Interference to Carrier Power Ratio
To provide a further understanding of how the ICI coefficient impacts system performance,
we pay more attention to an AWGN channel (Hm = 1,∀m). For the analysis we must
determine the ICI power. This can be done using the Carrier-to-Interference Power Ratio
(CIR), defined as [35, 49]:
CIR =
Desired Signal Power
ICI Power
. (6.1)
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However, when no ICI presents, i.e., ε→ 0, the CIR approaches infinity which cannot
be shown in a figure. As an alternative approach, the ICI power can be estimated using the
Interference-to-Carrier Power Ratio (ICR), defined as:
ICR = CIR−1 =
ICI Power
Desired Signal Power
. (6.2)
The ICR of OFDM signal in Eq. (3.1) can be computed as
ICROFDM = avg

|
NF−1∑
l=0,l 6=m
dlS(l −m)|2
|dmS(0)|2

NF−1
m=0
(6.3)
The ICR of MC-CDMA signal in Eq. (3.10) is:
ICRMC−CDMA = avg

|
Nu∑
l=1,l 6=v
d(l)S′l,v|2
|d(v)S′v,v|2

Nu
v=1
(6.4)
The ICR of SC-OFDM signal in Eq. (3.15) becomes:
ICRSC−OFDM = avg

|
NF−1∑
l=0,l 6=k
dlS
′
l,k|2
|dkS′k,k|2

NF−1
k=0
(6.5)
The definition in Eq. (6.2) implies that the ICR becomes smaller as the desired signal
power to ICI power ratio increases, and our goal is to reduce the ICR. It is evident that
ICR is system dependent and thus critical for us to consider several possible cases. To
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statistically analyze the ICR feature for different modulations, we average the ICR across
all subcarriers and all data, which represents a more reliable approach relative to what
was used in [35]. Specifically, ICR on kth subcarrier can be represented as ICR(k) =
ICI power from non-kth subcarrier / Signal power on kth subcarrier. The average ICR,
which is represented as 1
N
∑N−1
k=0 ICR(k), is compared here; while ICR(0) or CIR(0) is
compared in literature [35].
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Figure 6.1: ICR Comparison for OFDM, MC-CDMA and SC-OFDM Systems.
Results in Figure 6.1 show ICR versus ε for OFDM, MC-CDMA and SC-OFDM
systems using NF = 64 subcarriers with ICI present. It is interesting to notice that ICR of
SC-OFDM is zero for all ε values; in other words, the power of desired signal component
used for data estimation is virtually unaffected by ICI. Given the ICI of SC-OFDM system
is much lower than that of the OFDM and MC-CDMA systems, the benefit of using SC-
OFDM under conditions with ICI present are clearly evident by comparison to traditional
OFDM and MC-CDMA under similar conditions. The following analysis of ICI coefficient
matrix will show how ICI affects the overall performance and helps explain why the SC-
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OFDM system experiences zero ICR.
6.2 Decomposition of ICI Coefficient Matrix
It is difficult to tell the effect of ICI directly from Eq. (3.2) and Eq. (3.5). To simplify
matrix S, it is crucial to analyze ICI coefficient S(l,m) and the three parameters therein: l,
m and ε. After decomposition, the ICI coefficient can be expressed as [50]:
S(l,m, ε) =
sin [π(l −m+ ε)]
NF sin
[
π
NF
(l −m+ ε)
] exp [jπ(1− 1
NF
)
(l −m+ ε)
]
=
1
NF
· 1− cos [2π(l −m+ ε)]− j sin [2π(l −m+ ε)]
1− cos
[
2π
NF
(l −m+ ε)
]
− j sin
[
2π
NF
(l −m+ ε)
]
=
1
NF
· 1− exp [j2π(l −m+ ε)]
1− exp
[
j 2π
NF
(l −m+ ε)
]
=
1
NF
NF−1∑
n=0
exp
[
j
2π
NF
(l −m+ ε)n
]
=
1
NF
NF−1∑
n=0
exp
(
j
2π
NF
ln
)
exp
(
j
2π
NF
εn
)
exp
(
−j 2π
NF
mn
)
(6.6)
It is now clear in (6.6) that S(l,m, ε) is a summation of exponential products with
each exponent only being a function of a single parameter of interest. Using vector and
matrix notation, S(l,m, ε) can be expressed as
S(l,m, ε) = FH(l, :) ·Ψ(ε) · F(:,m) , (6.7)
where
FH(k, :) =
1√
NF
[
e
j 2π
NF
k·0
, e
j 2π
NF
k·1
, . . . , e
j 2π
NF
k·(NF−1)
]
1×NF
,
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Ψ(ε) =

e
j 2π
NF
ε·0
e
j 2π
NF
ε·1
. . .
e
j 2π
NF
ε·(NF−1)

NF×NF
,
F(:, l) =
1√
NF
[
e
−j 2π
NF
l·0
, e
−j 2π
NF
l·1
, . . . , e
−j 2π
NF
l·(NF−1)
]T
1×NF
.
where FH(k, :) denotes the kth row of FH , and F(:, l) is the lth column of F. It is clear
that F is the normalized DFT matrix, while FH is the normalized IDFT matrix. Ψ is
an diagonal matrix Ψ = diag{ψ0, ψ1, ..., ψNF−1} with diagonal elements (eigenvalues of
matrix S) given by ψk = exp
(
j 2πεk
NF
)
. It is important to note that |ψk| = 1 for all k.
Therefore, the ICI coefficient matrix S can be written in the well-known eigen decom-
position form as
S = FHΨF (6.8)
Now, the ICI coefficient matrix is decomposed to be the product of normalized IDFT
matrix, a diagonal matrix and normalized DTF matrix. The unknown parameter ε only
exists in the diagonal matrix Ψ.
6.3 Analysis of SC-OFDM Performance with ICI Present
Due to the perfect ICR performance of the SC-OFDM system, we next analyze its per-
formance with ICI present. Using the ICI coefficient matrix S = FHΨF, we revisit the
expression in Eq. (3.14) in AWGN channel (H = I and W = I), and rewrite the received
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SC-OFDM signal vector as
~D = ~dFSFH + ~nFH
= ~dF(FHΨF)FH + ~nFH
= ~dΨ + ~n′ (6.9)
with the received signal according to the kth symbol dk corresponds to:
D[k] = dkψk + n
′
k = dk exp(j
2π
NF
εk) + n′k (6.10)
Recall that |ψk| = 1 for all k, it is noted that the ICI effect on SC-OFDM data symbols
~d is simply a (different) phase offset on each and every data symbol dk. Compared with
an OFDM system under similar ICI conditions, SC-OFDM provides significantly better
performance. This is due to the received OFDM signal vectors being a combination of
subcarrier data symbols and shifted responses thereof, while the subcarrier data symbols in
the SC-OFDM signal vector given by Eq. (6.10) only experience a phase offset–this is why
we observe zero ICR for all ε and the benefits of SC-OFDM are realized.
6.4 ICI Immune Modulation for SC-OFDM: Magnitude
Keyed Modulation
After observing the ICI coefficient property, we find that FSFH is a diagonal matrix with
each diagonal element having unit magnitude. Hence, the ICI has no effect on the magni-
tude of each and every SC-OFDM data symbol. Therefore, when there is no noise present.
Eq. (6.10) shows that |D[k]| = |dk| independent of ε. To fully exploit the inherent ICI
immunity in SC-OFDM, we introduce a novel digital modulation scheme called Magni-
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tude Keyed Modulation (MKM) [51][50]. Specifically, MKM will only use the magnitude
to carry digital symbols. For example, binary MKM (2MKM) is equivalent to binary On-
Off Keying (OOK). Note that MKM is different than Amplitude Shift Keying (ASK) using
antipodal signal pairs given that MKM is a non-coherent modulation scheme and doesn’t
require phase reference.
According to Eq. (6.10), the decision of the kth data symbol can be easily made for
SC-OFDM using MKM:
d̂k = |D[k]| (6.11)
6.4.1 BER Performance Analysis
For 2MKM, the BER performance is exactly the same as OOK with non-coherent detection
given by
BER = P (x̂k = 1|xk = 0)P (xk = 0) + P (x̂k = 0|xk = 1)P (xk = 1)
=
[
Q1
(
0,
√
SNR
)
+ 1−Q1
(
2
√
SNR,
√
SNR
)]
/2 (6.12)
where Q1 is the Marcum Q-Function [52] defined as
QM(α, β) =
1
αM−1
∫ ∞
β
xMe−(x
2+α2)/2IM−1(αx)dx (6.13)
where In(x) is a modified Bessel function of the first kind [53]. It can also be written in
series form as
QM(α, β) = e
−(α2+β2)/2
∞∑
k=1−M
(
α
β
)k
Ik(αβ) . (6.14)
For L-MKM, the same process is used to derive the Symbol Error Ratio (SER) per-
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formance as:
SER =
L−1∑
m=0
P (x̂k 6= m|xk = m)P (xk = m)
=
L−1∑
m=0
P (x̂k 6= m|xk = m)/L
= Q1(0, 0.5λ)/L
+
L−2∑
m=1
{(1−Q1 [mλ, (m− 0.5)λ] +Q1 [mλ, (m+ 0.5)λ]} /L
+ {1−Q1 [(L− 1)λ, (L− 1− 0.5)λ]} /L (6.15)
where λ = Signal Amplitude√
Noise Power
=
√
12·SNR·log2(L)
(L−1)(2L−1) , and the resultant MKM BER can be approx-
imated by Eq. (6.16) when assuming Gray Code symbol assignment [54] [55]:
BER ≈ SER/ log2(L) (6.16)
6.4.2 PAPR Performance Analysis
Since one of the important benefits of an SC-OFDM system is a much lower peak to aver-
age power ratio (PAPR) when compared with conventional OFDM, it is necessary to ana-
lyze the PAPR performance for SC-OFDM with MKM. This is done using one particular
definition of discrete PAPR of an OFDM or SC-OFDM symbol: the maximum amplitude
squared divided by the mean power of discrete symbols in the time domain [56].
Given time domain symbol vector ~s = [s0, s1, ..., sN−1], with maximum amplitude of
|| ~s ||∞ = max(|s0|, |s1|, ..., |sN−1|) and mean power of || ~s ||22 = (|s0|2 + |s1|2 + ... +
|s2N−1|)/N , the PAPR of ~s is
PAPR =
|| ~s ||2∞
|| ~s ||22
. (6.17)
For an OFDM system with BPSK modulation, when the signal in time domain con-
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verges to one peak (e.g., in frequency domain xk = (−1)k), the worst PAPR is obtained
and equals N . However, for single carrier systems such as SC-OFDM with MPSK (BPSK,
QPSK, etc.) modulation, the maximum amplitude squared equals to the mean power in the
time domain and therefore PAPR= 1  N . Unlike SC-OFDM with MPSK modulation,
the SC-OFDM system with MKM cannot retain the PAPR= 1 feature since the magnitude
(amplitude) varies for different symbols in time domain. However, as shown next the SC-
OFDM system with MKM has a much lower PAPR than an OFDM system with either PSK
or MKM.
To compare the PAPR for different systems, we analyze the Cumulative Distribution
Function (CDF) of the PAPR defined in Eq. (6.17) and given by
P (PAPR ≤ z) = CDF (z) (6.18)
and provide simulated CDF plots of PAPR in Figure 6.2, where PAPR of OFDM with
QPSK is overlapped with PAPR of OFDM with 8PSK. These results are based on Monte
Carlo simulation with 105 trials using NF = 256 total subcarriers and configurations that
included OFDM and SC-OFDM systems with various combinations of BPSK, 2MKM,
QPSK, 4MKM, 8PSK, and 8MKM modulations as indicated. The minimum and maxi-
mum values in the plots, along with average PAPR, are presented in Table 6.1. The metrics
“Minimum”, “Maximum” and “Average” in Table 6.1 indicate the smallest, largest and av-
erage observed PAPR in the simulation, respectively. In Figure 6.2, the “Minimum” PAPR
denotes the largest value for CDF is zero, the “Maximum” PAPR denotes the smallest value
for the CDF is one.
The results in Table 6.1 clearly show that the SC-OFDM system consistently has the
lowest PAPR, and that all combinations of SC-OFDM with MPSK modulation maintain
a PAPR= 0 dB for all M . For combinations with higher modulation order (M = 4 and
M = 8), i.e., SC-OFDM with MKM and OFDM with both MKM and PSK, PAPR is non-
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Figure 6.2: CDF of PAPR for Different Modulation Orders
zero and the OFDM systems always produce a higher PAPR for any given modulation type
and order. Comparing results for a given modulation order, SC-OFDM with MKM always
results in a lower PAPR relative to the corresponding OFDM system using either PSK or
MKM.
6.4.3 Analysis in Multipath Fading Channel
In multipath fading channel, reconsider the demodulated signal vector ~D:
~D = ~dFHSFH + ~nFH
= ~dFH(FHΨF)FH + ~nFH
= ~dFHFHΨ + ~n′ (6.19)
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Table 6.1: Comparison of PAPR (dB) for Different System Configurations
Configuration Maximum Minimum Average
OFDM+BPSK 13.76 4.38 7.34
OFDM+2MKM 22.15 19.78 21.06
SC-OFDM+BPSK 0 0 0
SC-OFDM+2MKM 4.59 2.01 3.02
OFDM+QPSK 12.54 5.29 7.81
OFDM+4MKM 22.80 21.27 22.16
SC-OFDM+QPSK 0 0 0
SC-OFDM+4MKM 5.42 3.07 4.11
OFDM+8PSK 12.24 5.29 7.81
OFDM+8MKM 23.03 21.92 22.53
SC-OFDM+8PSK 0 0 0
SC-OFDM+8MKM 5.70 3.45 4.48
Hence, using the same property of ICI coefficient matrix, the decision of the data
symbols ~̂d can be determined by
~̂d = argMin
~̂d
(|| ~̂dFHFH | − | ~D||2) (6.20)
which means the optimal ~̂d is that which can minimize the cost function || ~̂dFHFH | −
| ~D||2. Since this procedure is similar to a multi user detection (MUD) and exhausted search
algorithm is applied, the complexity is much higher compared the decision procedure in Eq.
(6.11) for AWGN channel.
It is obvious that since the digital information is only carried on the magnitude, and
the ICI effect does not change the magnitude of the received signal, an SC-OFDM with
MSK modulation is immune to ICI. In other words, no matter how large the ICI is, the
SC-OFDM with MSK will provide identical performance at the same SNR. Although the
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BER performance of the SC-OFDM system with MSK is worse than that of the SC-OFDM
system with PSK (phase shift keying) modulation when there is no ICI, the proposed MSK
modulation offers SC-OFDM significantly better performance in a severe ICI environment.
6.5 Performance of SC-OFDM system with MKM
The BER performance of the proposed SC-OFDM system with MKM modulation is ex-
amined. Specifically, we compare performance of 1) SC-OFDM with binary MKM ver-
sus OFDM/SC-OFDM/MC-CDMA with BPSK modulation, 2) SC-OFDM with 4MKM
versus OFDM/SC-OFDM/MC-CDMA with QPSK, and 3) SC-OFDM with 8MKM ver-
sus OFDM/SC-OFDM/MC-CDMA with 8PSK/8QAM, under conditions consistent with a
high speed mobile environment [50, 51].
6.5.1 AWGN Channel
Firstly, we analyze the BER performance in AWGN channel with constant carrier fre-
quency offset. The labeling convention for plotted BER results in the following figures is
as follows: green line with circle markers–OFDM with PSK modulation; blue line with tri-
angle markers–SC-OFDM with PSK modulation; purple line with diamond markers–MC-
CDMA with PSK modulation; red rectangular–SC-OFDM system with proposed MKM
modulation; cyan dot line–analytical performance for SC-OFDM system with proposed
MKM modulation. Yellow line with stars–OFDM with 8QAM modulation; blue line with
diamonds–SC-OFDM with 8 QAM modulation; black line with triangles–MC-CDMA with
8QAM modulation in Figure 6.4(b). Performance of the baseline OFDM system using PSK
modulation without ICI present is shown as the black line with dot markers, where theoret-
ical BER performance is illustrated as baseline in Figure 6.3 and Figure 6.4 [55][56], and
simulation BER performance is illustrated as baseline in Figure 6.6.
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Figure 6.3 shows simulated BER versus SNR for OFDM, SC-OFDM and MC-CDMA
systems with binary modulation, NF = 64 subcarriers, and AWGN channel conditions.
These results were generated for normalized CFO of ε = 0.3. With high NFO ε = 0.3,
OFDM/SC-OFDM/MC-CDMA systems with BPSK modulation break down, and the pro-
posed system outperforms these benchmarks significantly when SNR is high (≥ 4dB).
Figure 6.4 shows simulated BER versus SNR for OFDM, SC-OFDM and MC-CDMA
systems with 4MKM, QPSK, 8MKM, 8PSK and 8QAM modulations, NF = 64 subcarri-
ers, AWGN channel conditions, and NFO values of ε ∈ [0.1, 0.2]. When compared with
Figure 6.3 results which show that the benefit of SC-OFDM with 2MKM is realized for
ε = 0.3 at all SNR, results in Figure 6.4(a) show that SC-OFDM with 4MKM outperforms
other configurations when ε = 0.2 and SNR ≥ 6.0 dB (the other two systems are virtu-
ally unusable under these same conditions). A similar trend is observed in Figure 6.4(b)
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results which show that SC-OFDM with 8MKM provides an advantage for ε = 0.1 and
SNR ≥ 10.0 dB while the other systems are again unusable.
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riers, SNR = 10 dB, and indicated modulation order.
Final simulated AWGN results are presented in Figure 6.5 which shows BER ver-
sus NFO ε for OFDM/SC-OFDM/MC-CDMA using NF = 64 subcarriers, SNR= 10dB,
ε ∈ [0.1, 1.1] (including fractional and integer components), and binary, 4-ary, and 8-
ary modulation orders. These results illustrate that the BER performance of SC-OFDM
with 2MKM, 4MKM, and 8MKM remains constant as ε increases, while the BER perfor-
mances of traditional OFDM/SC-OFDM/MC-CDMA systems with BPSK, QPSK, 8PSK
and 8QAM modulations degrade significantly and catastrophically (approaches 0.5 in the
worst cases).
By comparing Figure 6.3 to Figure 6.5 results, it is apparent that when ε increases or
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higher order modulation is used, the SC-OFDM system with the newly proposed MKM
modulation significantly outperforms all OFDM/SC-OFDM/MC-CDMA systems using
conventional PSK/QAM modulations. More specifically, SC-OFDM with MKM maintains
nearly identical BER performance independent of ε variation while OFDM/SC-OFDM/MC-
CDMA with PSK/QAM are very sensitive to changes, especially when using higher order
modulations.
It is important to note that in these simulations we assumed that ε was a small frac-
tional number, consistent with a residual CFO contribution that may remain after some
types of cancellation or estimation processing have been applied in a PSK/QAM system. It
is obvious from our results that OFDM/SC-OFDM/MC-CDMA systems using PSK/QAM
are virtually useless when this residual ε exists. However, we have demonstrated that the
SC-OFDM system with MKM modulation maintains nearly constant performance regard-
less of the fractional ε value and without requiring any additional processing. As a final
note of validation, Figure 6.3 and Figure 6.4 provide theoretical BER performance for
comparison with simulated results for proposed system (SC-OFDM with MKM). As evi-
dent in both figures, theoretical and simulated performances are equivalent, which validates
the analytic BER results for SC-OFDM with MKM, specifically, SC-OFDM with binary
MKM in Eq. (6.12) and SC-OFDM with L-ary MKM in Eq. (6.16).
6.5.2 Multipath Fading Channel
As a measure of Doppler frequencies, we use the normalized maximum Doppler spread
εmax, which is defined as the ratio between the channel maximum Doppler spread to the
subcarrier bandwidth. We use 4-fold multipath fading channel in Eq. (4.12) as our channel
model.
Simulated BER performances for a multipath fading channel are provided in Figure
6.6 for OFDM/SC-OFDM/MC-CDMA systems with binary modulation, NF = 16 subcar-
riers, and εmax = 0.4. The observations here are consistent with previous AWGN results:
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1) SC-OFDM with the newly proposed 2MKM modulation is the most robust combina-
tion and virtually unaffected by εmax, and 2) when SNR is high (≥ 18dB), performance for
the OFDM/SC-OFDM/MC-CDMA systems with conventional BPSK modulation is poorer
and a BER floor (≈ 10−2) is observed.
6.6 Conclusion
In this chapter, we analyze the effect of ICI on an SC-OFDM receiver and propose a
novel modulation scheme called Magnitude-Keyed Modulation (MKM) to use with an SC-
OFDM system. Taking advantage of unique ICI coefficient matrix properties, we showed
that the ICI effect on a received SC-OFDM signal is simply a phase offset on each and
every data symbol, while the magnitude of the data symbol is unaffected. Hence, by trans-
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mitting digital information only on the SC-OFDM signal magnitude, we develop a novel
modulation scheme called MKM and apply it to an SC-OFDM system. The resultant SC-
OFDM system with MKM modulation experiences a boost in ICI immunity and signifi-
cantly outperforms traditional OFDM, SC-OFDM and MC-CDMA systems using Phase
Shift Keying (PSK) modulation and Quadrature Amplitude Modulation (QAM) in severe
ICI environments. Simulation results are presented for SC-OFDM with binary, 4-ary, and
8-ary MKM modulations and the performance of each configuration compared with tra-
ditional OFDM/SC-OFDM/MC-CDMA using PSK/QAM modulation. Results for both
AWGN and multipath fading channels clearly demonstrate that SC-OFDM with MKM is
superior and much less BER degradation is observed as normalized carrier frequency offset
and normalized Doppler spread increase.
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Blind Carrier Frequency Offset
Estimation
Besides the ICI cancellation schemes and ICI immune modulation design, we can also
compensate the carrier frequency offset after estimating the carrier frequency offset (CFO)
to improve the performance of the system. Meanwhile, the estimated CFO can be directly
used as the compensation for a few consecutive blocks in a slow changing environment,
e.g., the CFO does not change very fast.
Many methods in literature have been proposed to estimate the CFO for OFDM sys-
tem. Generally speaking, existing CFO estimation schemes can be classified as the data
aided estimators and the blind ones. Recently, blind estimators have received a lot of at-
tentions due to the system power and the high bandwidth efficiency. The blind estimator
in [57] proposes an estimation algorithm based on maximum likelihood criterion, which
exploits the cyclic prefix preceding the OFDM symbols to estimate the CFO. The MOV
estimator [19] utilizes minimum output variance to estimate CFO. [58] also presents a non
data-aided CFO estimator according to minimum power of the received symbol. In [59] and
[18], they estimate CFO by exploiting the key idea of smoothing power spectrum (SPS).
The subspace method in [60] employs the correlation of the channel. Authors in [17] derive
a kurtosis CFO estimator by measuring the non-Gaussian property of the received signal.
However, all existing blind CFO estimation schemes are not without their drawbacks.
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Some of these estimators are proposed for constant modulus (CM) constellation, some of
them require large number of OFDM blocks to reach acceptable estimation performance,
some others need the channel order much less than the number of subcarriers and also the
performances of most blind estimators are not as good as desired.
Recall ICI Total Cancellation technique discussed in Chapter 5, which treats an OFDM
or MC-CDMA system with ICI as a new MC-CDMA system with unknown spreading code
that is related to or determined by the carrier frequency offset ε. We propose to quantize the
normalized frequency offset region into M discrete values, leading to M spreading code
matrices as candidates [61]. Next, by decoding the received signal using theseM spreading
code matrices, M decisions are made on the data symbols. Using these M data symbols
to recreate the received signal with ICI and measuring the Euclidean distance of the M
recreated signals with the actual received signal, the best normalized frequency offset is
chosen and the best corresponding data symbols are determined. By iteratively decreasing
the possible normalized frequency offset region, we can refine the estimation accuracy.
7.1 High Accurate Blind CFO Estimator
Recall the discrete system model, the received signal vector can be expressed as:
~R = ~dHS + ~n
where ~R denotes the received signal vector; ~d is the transmitted symbol vector; fading
matrix H is a diagonal matrix H = diag(H0, H1, ..., HNF−1); matrix S is the ICI coefficient
matrix defined in Eq. (3.5).
Let ε̂ denote a candidate estimate of the CFO ε. Using SH(ε̂) to compensate the CFO,
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and the de-correlated signal vector ~Y in Eq. (5.3) can be represented as:
~Y = ~RSH(ε̂)H−1 = ~dHS(ε− ε̂)H−1 + ~nSH(ε̂)H−1 (7.1)
Since ~Y can be reconstructed by ε̂, we can make decision of ~̂X based on ~Y : ~̂d =
Decision(~Y ). For example when BPSK modulation used,
d̂(k) = Decision(Y (k)) =
 1 when Re[Y (k)] > 0−1 when Re[Y (k)] ≤ 0 (7.2)
Next, we can reproduce the received signal ~̂R by using the data vector estimation ~̂d
and the ICI coefficient matrix S(ε̂):
~̂R = ~̂dHS(ε̂) (7.3)
It is easy to understand that when there is no noise and if the CFO is compensated
perfectly, we should have ~̂R = ~R. Simply speaking, when ε̂ is the closest to the true value
of ε, the reproduced the received signal ~̂R should also be the closest to the received signal
vector ~R. Hence, the cost function is [61]:
J(ε̂) = || ~̂R− ~R||2
= || ~̂dHS(ε̂)− ~R||2
= ||Decision(~Y )HS(ε̂)− ~R||2
= ||Decision(~RSH(ε̂)H−1)HS(ε̂)− ~R||2 (7.4)
where || ~̂R− ~R||2 represents the Euclidean distance between vector ~̂R and vector ~R.
Different cases for the cost function J(ε̂) versus estimation error (ε̂− ε) are shown in
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Figure 7.1: Cost Function J(ε̂) versus (ε̂− ε) when BPSK applied
Figure 7.1, and we can notice that, the minimum cost function can be achieved when the
estimation error (ε̂− ε) = 0 when there is no noise, and in the reasonable SNR region, the
minimum also occurs when estimation error (ε̂− ε) is pretty small. Hence, by minimizing
the cost function J(ε̂), the CFO estimation ε̂ can be achieved.
To search the optimum ε̂ to minimize the cost function J(ε̂), we can quantize the
CFO reasonable region into M discrete values at one iteration and search for the mini-
mum region, and then iteratively using M quantization values to search for more accurate
minimum region. Specifically,
1. Set initial ε range for the it = 0th iteration, [L,U ], e.g., L0 = 0 and U0 = 1;
2. Compute M branches:
εm = L
it +m
U it − Lit
M − 1
, m = 0, 1, · · · , (M − 1) (7.5)
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Figure 7.2: Estimation MSE v.s. number of iterations when SNR = 10dB and M fixed
3. Find the optimal εl which produces the minimal cost function in Eq. (7.4):
J(εl) ≤ J(εk) k = 0, 1, ..., (M − 1) (7.6)
4. it = it+ 1;
5. Renew the minimal range:
• If l = 0, Lit = ε0 and U it = ε1
• If l = M − 1, Lit = εM−2 and U it = εM−1
• If 0 < l < M − 1, Lit = εl−1 and U it = εl+1
6. Stopping criteria:
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• If the range has already reach the predefined precision δ, e.g., U it − Lit ≤ δ,
where δ > 0, then stop and ε̂ = (U it + Lit)/2;
• Otherwise, go back to step 2.
It is important to note that the complexity of the proposed CFO estimator is linearly
growing with the quantization level M , keeping the computational complexity at reason-
able range. For each OFDM symbol, this estimation algorithm requires 2M matrix mul-
tiplications and M comparisons in one refining iteration. The increased complexity is not
significant, especially when M is small. Figure 7.2 illustrates the mean square error (MSE)
of CFO estimator for different M and different number of iterations. It is clear that we
don’t need to use a huge M or a lot of iterations to achieve the best performance. In all the
cases, M = 20 with 3 iterations is good enough to provide pretty small estimation MSE.
The proposed CFO estimator aims to minimize the reconstructed error || ~̂R − ~R||2 and this
estimator is named as “Minimal Reconstructed Error” (MRE) estimator.
7.2 Carrier Frequency Offset Estimation Performance
Now, we use numerical simulation results to illustrate the effectiveness of the proposed
CFO estimation scheme [61]. We compare mean square error (MSE) simulation results
defined as following in both AWGN channel and multipath fading channel.
MSE = E[|ε̂− ε|2] ≈ 1
P
P∑
p=1
|ε̂p − ε|2 (7.7)
where ε̂p is the estimated CFO and P is number of Monte Carlo runs.
In the simulation results, we compare our proposed MRE estimation scheme with Kur-
tosis [17], MOV [19] and SPS [59][18] estimation schemes. All the systems are assumed
to have NF = 64 subcarriers and simulation runs P = 1000, and in all simulations we use
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M = 20 and 3 iterations to achieve the optimization. The number of OFDM blocks is set
to be 1.
7.2.1 AWGN Channel with a Constant Frequency Offset
First, we will examine the estimation performance in AWGN channel with constant fre-
quency offset. Figure 7.3 illustrates the simulation result when the normalized frequency
offset (NFO) ε = 0.3 in AWGN channel, and the modulation scheme for all these estima-
tors is QPSK. Figure 7.4 shows the case when ε = 0.4 with 16QAM modulation. In Figure
7.5 and Figure 7.6, the estimation MSE versus ε is shown for QPSK with SNR = 10dB
and 16QAM with SNR = 15dB respectively.
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Figure 7.3: Estimation Performance v.s. SNR with QPSK modulation in AWGN channel
(ε = 0.3)
In all these figures, the blue line shows the MSE for Kurtosis estimation scheme, the
green line marked with circles represents the performance of SPS estimator, the magenta
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Figure 7.4: Estimation Performance v.s. SNR with 16QAM modulation in AWGN channel
(ε = 0.4)
line marked with diamond represents the MSE for MOV estimation and the red line marked
with stars represents that of our proposed MRE estimation algorithm.
From Figure 7.3, it is evident that when QPSK modulation is applied, the proposed
MRE estimation outperforms all the other estimators. While employing 16QAM modula-
tion in Figure 7.4, the benefit of MRE estimation is much more significant. When we fix
the SNR at a reasonable high level and plot the MSE performance versing the normalized
CFO ε, e.g., in Figure 7.5 and Figure 7.6, the gain from MRE schemes is apparent and the
MSE keeps the same for different ε. Hence, it is obvious that the proposed MRE estimation
algorithm outperforms the Kurtosis, MOV and SPS estimation schemes in AWGN chan-
nel, and MRE estimator can be used for non CM constellation modulation schemes (e.g.,
16QAM).
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Figure 7.5: Estimation Performance v.s. ε with QPSK modulation in AWGN channel
(SNR = 10dB)
7.2.2 Multipath Mobile Channel
In a practical mobile multipath radio channel, time-variant multipath propagation leads to
Doppler frequency shift which is a random variable. Here we measure the performance of
the proposed blind CFO estimation scheme in multipath fading channels. As a measure
of Doppler frequencies, we use the normalized maximum Doppler spread εmax, which
is defined as the ratio between the channel maximum Doppler spread to the subcarrier
bandwidth. We use the Hilly Terrain (HT) channel models defined by the GSM standard as
our channel model. The total number of subcarriers NF is also assumed to be 64.
Figure 7.7 illustrates the simulation result when the εmax = 0.3 in multipath fading
channel. The modulation scheme for all these estimators is QPSK. Figure 7.8 shows the
case when εmax = 0.4 with 16QAM modulation. In Figure 7.9 and Figure 7.10, the MSE
versus εmax is shown for QPSK with SNR = 10dB and 16QAM with SNR = 15dB,
93
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
10
−6
10
−5
10
−4
10
−3
10
−2
ε
M
S
E
=
|e
p
e
s
ti
m
a
te
d
−
e
p
|2
AWGN Channel 16QAM when N
F
=64,SNR=15dB
 
 
Proposed MRE
Kurtosis
SPS
MOV
Figure 7.6: Estimation Performance v.s. ε with 16QAM modulation in AWGN channel
(SNR = 15dB)
respectively.
The legends in these figures are the same as in AWGN channel. Figure 7.7 com-
pares MRE scheme with other three estimators, and it is evident that the proposed MRE
estimator significantly outperforms the other three estimators, especially at high SNR. At
high SNR region, the MSE continues to decrease for MRE scheme, while the MSE of
other estimation schemes keep flat indicating a performance floor at MSE ≈ 10−4. In
Figure 7.8 when 16QAM modulation is applied, the MSEs of three benchmark estima-
tors suffer performance floor at MSE = 10−2, while the performance of proposed MRE
scheme outperforms all of the other three schemes significantly and reaches 10−7 MSE
when SNR = 30dB. The performance gain can also be noticed in Figure 7.9 and Figure
7.10 when SNR is fixed, and the estimation performance of MRE scheme does not change
while ε changes.
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Figure 7.7: Estimation Performance v.s. SNR with QPSK modulation in multipath fading
channel (εmax = 0.3)
7.3 Conclusion
In this chapter, we proposed a novel accurate blind CFO estimation scheme based on min-
imum reconstruction error (MRE) for mobile OFDM systems. Taking advantage of the
orthogonality of the ICI coefficient matrix, the proposed estimation scheme for OFDM
system can be applied as MC-CDMA system and provide accurate CFO estimation by
minimizing the reconstruction error. The proposed blind CFO estimator provides pretty
good estimation performance compared to the estimators in the literature, and it doesn’t
have some requirements like other blind estimation schemes (e.g., constant modulus, large
number of blocks and smaller channel order). Finally, proposed CFO estimation scheme
achieves such superb performance at a reasonable computational complexity which linearly
grows with the number of normalized frequency offset quantization.
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Figure 7.8: Estimation Performance v.s. SNR with 16QAM modulation in multipath fading
channel (εmax = 0.4)
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Figure 7.9: Estimation Performance v.s. εmax with QPSK modulation in multipath fading
channel (SNR = 10dB)
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Figure 7.10: Estimation Performance v.s. εmax with 16QAM modulation in multipath
fading channel (SNR = 15dB)
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ICI Total Cancellation with Subcarrier
Varying Carrier Frequency Offset
All existing ICI mitigation methods assume the frequency offsets on all subcarriers are
the same. This is a valid assumption for narrowband multi-carrier transmission, since the
Doppler shift on one subcarrier is almost the same as that on another subcarrier and the dif-
ference in Doppler shifts is negligible. But this assumption is no longer true for a wideband
or non-contiguous multi-carrier system where the frequency variance is so large that the
Doppler shift on the lowest frequency subcarrier is significantly different from the Doppler
shift on the highest frequency subcarrier. This is particularly important for applications
with very high mobility such as aerial vehicle communication [62].
Doppler frequency shift is defined as
∆F =
v
c
(fc) cos θ (8.1)
where v denotes the speed and θ represents relative angle between transmitter and receiver,
c = 3 × 108m/s is the speed of light. It is important to note that different subcarriers
are operating at different frequencies. Hence, different Doppler frequency shifts happen
on different subcarriers, and varying carrier frequency offset has to be considered for the
wideband or non-contiguous multi-carrier transmission, which will have large frequency
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difference for these subcarriers.
8.1 System Model for Subcarrier Varying Carrier Frequency
Offset
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Figure 8.1: Normalized Frequency Offsets for Different Subcarriers
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For wideband or non-contiguous OFDM systems in high mobility environment, it
is necessary to consider the scenario that different subcarriers suffer different carrier fre-
quency offsets according to the frequency of each subcarrier. Figure 8.1 shows the NFO
for different subcarriers. The NFO is a linear function of the frequency, and the slope is
proportional to the relative speed between the transmitter and receiver. It is also easy to un-
derstand that in a narrowband OFDM system, the NFO can be assumed to be a constant. For
example, in a 64 subcarriers narrowband OFDM system shown in Figure 8.1(a), the NFO
varies from 0.1 to 0.1012 over all 64 subcarriers, and the difference is negligible. Hence, a
constant NFO 0.1 is assumed in current OFDM ICI mitigation techniques. However, for the
wideband OFDM system, e.g., an OFDM with 512 subcarriers shown in Figure 8.1(b), the
NFO changes 10% from 0.1 to 0.11 which cannot be ignored. More importantly, although
the effective bandwidth of NC-OFDM for CR might not be large, the active subcarriers in
NC-OFDM can spread over extremely large bandwidth to harness multiple spectrum holes
together. For such NC-OFDM systems, the NFO in one subcarrier could be significantly
different from that in another subcarrier. For example in Figure 8.1(c), when there are only
64 subcarriers in the NC-OFDM system occupying four non-contiguous spectrum holes,
the NFO changes 20% from 0.1 to 0.12, although the effective bandwidth is as small as that
in Figure 8.1(a).
Considering the subcarrier varying CFO scenario, the received wideband OFDM sig-
nal on subcarrier k in AWGN channel is [62]:
R[k] = dkSεk(0) +
N−1∑
l=0,l 6=k
dlSεl(l − k) + nk, k = 0, 1, . . . , NF − 1 (8.2)
where Sεl(l − k) is defined as
Sεl(l − k) =
sin(π(εl + l − k))
NF sin(
π
NF
(εl + l − k))
· exp
(
jπ
(
1− 1
NF
)
(εl + l − k)
)
(8.3)
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εl denotes the normalized carrier frequency offset on lth subcarrier, where εl = ∆Fl∆f , and
∆Fl =
v
c
(fc + l∆f) cos θ is the frequency offset on lth subcarrier.
Now, denote vector ~d as the transmitted symbol ~d = {d0, d1, . . . , dN−1}, vector ~R as
the received signal vector ~R = {R[0], R[1], . . . , R[NF−1]}, and ~n = {n0, n1, . . . , nNF−1},
we have:
~R = ~dS + ~n (8.4)
where S is the ICI coefficient matrix, and the pth row and qth column element of N × N
matrix S is
Sp,q = Sεp(p− q) (8.5)
and the matrix S corresponds to
S =

Sε0(0) Sε0(−1) ... Sε0(1−NF )
Sε1(1) Sε1(0) ... Sε1(2−NF )
...
... . . .
...
SεNF−1(NF − 1) SεNF−1(NF − 2) · · · SεNF−1(0)

(8.6)
From Eq. (8.4), it is obvious that the received signal can be viewed as an MC-CDMA
signal with NF users, the kth user’s information symbol is dk, and the kth user’s spreading
code is the kth row of matrix S.
It is important to note that, if there is no difference between the NFO on each subcar-
rier, S is an orthonormal matrix (SSH = I, where SH denotes the transpose conjugate of
S and I is an identity matrix); with the existence of the difference between NFO on each
subcarrier, S is no longer orthonormal matrix, however, it is still invertible. Hence, the
OFDM signal with ICI at receiver side can be considered as an MC-CDMA system with
spreading code matrix S. As a direct result, the ICI can be totally removed from the OFDM
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signal if we apply a matrix multiplication to the received signal vector ~R:
~Y = ~RS−1 = ~d+ ~nS−1 (8.7)
where S−1 presents the inverse of matrix S. Next, we can simply make decision of ~d based
on the ~Y .
Of course, the problem is: the receiver does not know the spreading code matrix S
because the normalized frequency offsets εk (k = 0, 1, ..., NF − 1) are unknown.
8.2 ICI Total Cancellation for Subcarrier Varying CFO
Here, we propose to use parallel processing with speed quantization to eliminate ICI on
wideband OFDM [62]. Compared to the Total ICI cancellation algorithms discussed in
Section 5, we have to quantize the relative speed instead of the normalized frequency offset.
While the normalized frequency offsets εk (k = 0, 1, ..., NF − 1) are unknown to the
receiver, theseNF unknown variables are determined by only one parameter: relative speed
V = v cos θ between the transmitter and receiver. Hence, we can quantize the relative speed
V in a typical range [Vmin, Vmax] into M equally spaced values:
V ′m = Vmin +m ·∆V,m = 0, 1, . . . ,M − 1 (8.8)
where ∆V is the quantization level of relative speed ∆V = 1
M
(Vmax − Vmin), and M is
the number of quantization levels. Since the typical ε0 ∈ [0, 1], the typical speed range can
be easily computed since ε0 = V fcc∆f ; meanwhile, with the support from navigation systems,
e.g., GPS, the rough speed estimation helps to shorten the searching range. One of these
M quantized V ′s is the closest to the true relative speed V .
Now, let’s build M parallel branches at the receiver. Each branch uses one of the
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M quantized V ′s to create the corresponding NFOs for all the subcarriers, and gener-
ate ICI coefficient matrix S̃ in Eq. (8.6). Hence, we have M ICI coefficient matrices
S̃0, S̃1, . . . , S̃M−1.
Using these M matrices, we can have M decisions on the transmitted data vector ~d
where the mth branch will make decision on the estimation of ~d, e.g., BPSK modulation:
~̂dm = sgn{Re[~RS̃−1m ]} (8.9)
where sgn(d) presents the sign of d, and Re[·] denotes the real part of the complex number.
Next, with the data vector estimation ~̂dm, each branch can reproduce the received
signal ~̂Rm by using the data vector estimation ~̂dm and the ICI coefficient matrix of that
branch S̃m:
~̂Rm = ~̂dmS̃m (8.10)
It is easy to understand that the one branch whose V ′m is the closest to the true value
of V should reproduce the received signal ~̂Rm also the closest to the received signal vector
~R. Hence, we only need to calculate and compare the Euclidean distances between the
M reproduced received signal vectors ~̂Rm and the received signal vector ~R and pick the
one with the minimum distance to be the best branch and use that branch’s estimated data
vector as the final decision:
~̂d =
{
~̂Rp|Dis(p) ≤ Dis(m);∀ m 6= p}
}
(8.11)
where Dis(m) = || ~̂Rm − ~R||2 represents the Euclidean distance between vector ~̂Rm and
vector ~R. Figure 8.2 illustrates the Euclidean distance versus the relative error (V ′ −
V ) fc
c∆f
= (ε′0−ε0) for different SNR, and it is clear that when there is no noise, || ~̂Rm− ~R||2
reaches to the optimum when V ′ = V or ε′0 = ε0. Meanwhile, at high SNR, the optimum
also occurs when |ε′0 − ε0| is very small.
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Figure 8.2: Euclidean Distance v.s. relative error (V ′ − V ) fc
c∆f
It is important to note that the complexity of the proposed ICI cancellation method
is linearly growing with the quantization level M , keeping the computational complexity
reasonable. Furthermore, theM ICI coefficient matrix S̃m (m = 0, 1, ..,M−1) and the in-
verse of these matrices only depend on the quantized speed which can be pre-computed and
stored. For each OFDM symbol, the proposed ICI cancellation scheme requires 2M matrix
multiplications and M comparisons. The increased complexity is insignificant, especially
when M is small.
The block diagram of the proposed ICI cancellation scheme is shown in Figure 8.3.
In a multipath fading channel, let’s denote the complex fading gain on the kth sub-
carrier is Hk. Then the received OFDM signal after transmission through such a fading
channel with frequency offset is:
~R = ~dHS + ~n (8.12)
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Figure 8.3: Block Diagram of the ICI Total Cancellation
where H is a diagonal matrix H = diag{H0, H1, . . . , HNF−1}.
Similar to the analysis in AWGN channel, the received OFDM signal represented in
equation (8.12) can be viewed as an NF user MC-CDMA system with spreading code
matrix S and the kth user’s data symbol is Hkdk. Hence, if the spreading code matrix S is
known, we can eliminate the ICI by multiplying S−1 to the received vector ~R.
So the ICI cancellation scheme works the same way as in AWGN channel with only
one exception: the fading channel characteristics H needs to be estimated at the receiver
side (which is required for OFDM transmission) and the reproduced received signal vector
now has to consider the fading effects:
~̂Rm = ~̂dmHS̃m (8.13)
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8.3 Performance of ICI Total Cancellation with Subcar-
rier Varying CFO
Now, we will use numerical simulation results to show the effectiveness of the proposed
scheme [62]. We provide BER simulation results for the proposed ICI cancellation scheme
for wideband OFDM system in both AWGN channel and multipath fading channel. All
system are assumed to have NF = 512 subcarriers and employ BPSK modulation.
8.3.1 AWGN Channel
The simplest way to examine the effectiveness of the proposed scheme is to transmit signals
through an AWGN channel with carrier frequency offsets (εk maintains the same and εk 6=
εl when k 6= l). Figure 8.4 illustrates the simulation result when the normalized carrier
frequency offset εk varies from εmin = 0.1 to εmax = 0.1998 for different subcarriers and
Figure 8.5 shows the case when εk varies from εmin = 0.1498 to εmax = 0.3494. M = 20
quantization levels are applied for the ICI Total Cancellation scheme. In both figures, the
black dots correspond to the BER performance of wideband OFDM without ICI, the blue
line is the performance for wideband OFDM with εk varying from εmin to εmax for different
subcarriers; the green line marked with triangles represents the performance for the case
εk = εmax, (k = 0, 1, ..., NF − 1), and the red line marked with rectangles represents the
performance for the case εk = εmin, (k = 0, 1, ..., NF − 1); the purple line marked with
circle is that of our proposed ICI Total Cancellation scheme.
It is clear that the BER performance for wideband OFDM with εk varying from εmin
to εmax has better performance than that of the OFDM with all the subcarriers suffering
the same NFO εmax, and worse performance than that of OFDM with all the subcarriers
suffering the same NFO εmin. Meanwhile, when the εmin increases or the range (εmax −
εmin) increases, the BER performance of OFDM significantly degrades, but the ICI Total
107
Cancellation scheme eliminates the ICI and provides the same BER performance as that of
an OFDM without ICI.
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Figure 8.4: BER Performance in AWGN channel with ε varies from 0.1 to 0.1998 among
subcarriers
Figure 8.6 shows the BER performance versus NFO on the first subcarrier ε0 = V fcc∆f .
When ε0 = 0 (no ICI), the proposed system has the same performance as traditional OFDM
system. However, when the speed increases or carrier frequency offset increases, the per-
formance of traditional OFDM system degrades significantly, while the ICI Total Cancel-
lation algorithm helps the OFDM system maintain as good as there is no ICI.
8.3.2 Multipath Fading Channel
Here we measure the performance of the proposed ICI Total Cancellation method in mul-
tipath fading channels. As a measure of Doppler frequencies, we use the normalized max-
imum Doppler spread εB0 , which is defined as the ratio between the channel maximum
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Figure 8.5: BER Performance in AWGN channel with ε varies from 0.1498 to 0.3494
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Doppler spread on the first subcarrier (V fc
c
) to the subcarrier bandwidth ∆f .
Figure 8.7 shows the case when εB0 = 0.3. In the ICI Total Cancellation scheme,
we use M = 20. In this figure, the black dots represent the BER performance of OFDM
without ICI, the blue line represents the performance of OFDM with ICI, and the purple
line marked with circle represents that of our proposed ICI Total Cancellation scheme.
It is evident from this figure that the proposed ICI Total Cancellation technique entirely
eliminates the effect of ICI and matches the performance of the OFDM without ICI in
fading channels as well.
Figure 8.8 illustrates the effect of the number of quantization levels M on the perfor-
mance of the proposed ICI Total Cancellation scheme. In this figure different quantization
levels (M = 1, 2, 4, 8, 16, 32) are applied and NFO varies from 0.15 to 0.3496 among these
512 subcarriers. In Figure 8.8, three BER versus M curves of different SNRs are shown. It
109
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
10
−3
10
−2
10
−1
10
0
(Vf
c
)/(c∆ f)
B
E
R
Total 512 subcarriers
 
 
SNR=4dB
ICI Total Cancellation with SNR=4dB
SNR=6dB
ICI Total Cancellation with SNR=6dB
Figure 8.6: BER Performance in AWGN channel with Fixed SNR
is easy to understand that when M increases, more quantization levels are used and better
ICI coefficient matrix estimation is achieved, so the performance of the proposed scheme
also improves. As shown in Figure 8.8, when M increases, the ICI Total Cancellation con-
verges fast and provides ICI cancellation and BER improvement quickly. WhenM is larger
than 8, there is no noticeable performance gain to increase the quantization level. This can
be explained as the following: when the quantization step ∆V is small enough, the ICI
Total Cancellation’s ICI cancellation capability is enough to remove all the inter-carrier
interference and there is no need to decrease ∆V anymore. It is evident from Figure 8.8
that the computational complexity of the proposed scheme is reasonable.
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8.4 Conclusion
In this chapter, we consider subcarrier varying carrier frequency offset scenario for wide-
band multi-carrier transmission and non-contiguous multi-carrier transmission of CR in
high mobility environment. We propose an effective algorithm to eliminate the ICI effect.
To our knowledge, this work is the first to address such issue. Specifically, we apply the
algorithm, called ICI Total Cancellation, for mobile wideband OFDM systems to miti-
gate the ICI effect and improve the BER performance. Taking invertible property of the
ICI coefficient matrix, the proposed ICI cancellation scheme can eliminate the ICI expe-
rienced in wideband OFDM systems and provide significant BER improvement. The pro-
posed scheme provides excellent performance without reducing data rate and bandwidth
efficiency. Simulations over AWGN channel and multipath fading channel confirm the
effectiveness of the proposed scheme. We also show that the proposed scheme achieves
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superb performance at reasonable computational complexity which linearly grows with the
number of normalized frequency offset quantization.
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Conclusion
While multi-carrier transmission technologies become the natural candidates for the cog-
nitive radio, most of current research in cognitive radio has not considered mobility. It is
well known that all multi-carrier transmission technologies suffer significant performance
degradation resulting from inter-carrier interference introduced by the carrier frequency
offset in high mobility environments. It is highly desired to study the performance of
cognitive radio waveforms in mobile environment and improve the performance through
affordable low-complexity signal processing techniques.
In this dissertation, we analyze the ICI for SMSE based multi-carrier transmissions
for CR, and propose multiple ICI mitigation techniques to reduce the inter-carrier inter-
ference and carrier frequency offset estimation algorithm to accurately estimate the CFO.
Specifically, we have (1) proposed a novel spreading code for MC-CDMA system to em-
bed ICI self-cancellation capability without extra computation and data rate reduction; (2)
proposed a total ICI cancellation algorithm to entirely eliminate the ICI effect for OFDM
and MC-CDMA systems, and recover the system performance as good as there is no ICI
effect; (3) proposed a novel modulation, called Magnitude Keyed Modulation, to combine
with SC-OFDM system and offers the system with ICI immunity feature, and the system
performance will not be affected by the carrier frequency offset or inter-carrier interference;
(4) proposed a blind carrier frequency offset estimator to accurately estimate the carrier fre-
quency offset; and (5) analyzed the effect of subcarrier varying CFO scenario and proposed
an ICI total cancellation algorithm to totally remove the inter-carrier interference.
113
Bibliography
[1] http://www.nasa.gov/directorates/heo/scan/spectrum/txt accordion3.html.
[2] J. Silva and M. Dano, “700 MHz auction ends,” RCRWireless, retrieved 2011-03-17.
[3] J. Mitola and G. Q. Maguire, “Cognitive radio: making software radios more per-
sonal,” IEEE Personal Communications, vol. 6, pp. 13–18, Aug. 1999.
[4] J. Mitola, “An integrated agent architecture for software defined radio,” Ph.D. disser-
tation, KTH Royal Institute of Technology, 2000.
[5] “FCC-notice of proposed rulemaking and order, facilitating opportunities for flexi-
ble, efficient and reliable spectrum use employing cognitive radio technologies,” FCC
Document ET Docket No. 03-108, vol. 46, pp. 153–160, Jan. 2008.
[6] O. Ileri and N. Mandayam, “Dynamic spectrum access models: toward an engineer-
ing perspective in the spectrum debate,” IEEE Communications Magazine, vol. 46,
pp. 153–160, Jan. 2008.
[7] Q. Zhao and B. Sadler, “A survey of dynamic spectrum access,” IEEE Signal Process-
ing Magazine, vol. 24, pp. 79–89, May 2007.
[8] V. Chakravarthy, X. Li, Z. Wu, M. Temple, and F. Garber, “Novel over-
lay/underlay cognitive radio waveforms using SD-SMSE framework to enhance spec-
114
trum efficiency- part I: Theoretical framework and analysis in AWGN channel,” IEEE
Transactions on Communications, vol. 57, pp. 3794–3804, Dec. 2009.
[9] V. Chakravarthy, X. Li, R. Zhou, Z. Wu, and M. Temple, “Novel overlay/underlay
cognitive radio waveforms using SD-SMSE framework to enhance spectrum
efficiency- part II: Analysis in fading channels,” IEEE Transactions on Communi-
cations, vol. 58, pp. 1868–1876, June 2010.
[10] I. Akyildiz, W.-Y. Lee, M. Vuran, and S. Mohanty, “A survey on spectrum manage-
ment in cognitive radio networks,” IEEE Communications Magazine, vol. 46, pp. 40
–48, Apr. 2008.
[11] D. Hatfield and P. Weiser, “Property rights in spectrum: taking the next step,” in New
Frontiers in Dynamic Spectrum Access Networks, (DySPAN) 2005, pp. 43–55, Nov.
2005.
[12] L. Xu, R. Tonjes, T. Paila, W. Hansmann, M. Frank, and M. Albrecht, “DRiVE-ing
to the internet: Dynamic radio for IP services in vehicular environments,” in IEEE
Conference on Local Computer Networks (LCN) 2000, pp. 281–289, 2000.
[13] W. Lehr and J. Crowcroft, “Managing shared access to a spectrum commons,” in IEEE
International Symposium on New Frontiers in Dynamic Spectrum Access Networks
(DySPAN) 2005, pp. 420–444, Nov. 2005.
[14] X. Cai and G. B. Giannakis, “Bounding performance and suppressing intercarrier
interference in wireless mobile OFDM,” IEEE Transactions on Communications,
vol. 51, pp. 2047–2056, Dec. 2003.
[15] H. Minn, P. Tarasak, and V. Bhargava, “OFDM frequency offset estimation based
on BLUE principle,” IEEE Vehicular Technology Conference, vol. 2, pp. 1230–1234,
Sep. 2002.
115
[16] A. J. Coulson, “Maximum likelihood synchronization for OFDM using a pilot
symbol: analysis,” IEEE Journal on Selected Areas in Communications, vol. 19,
pp. 2495–2503, Dec. 2001.
[17] Y. Yao and G. B. Giannakis, “Blind carrier frequency offset estimation in SISO,
MIMO, and multiuser OFDM systems,” IEEE Transactions on Communications,
vol. 53, pp. 173–183, Jan. 2005.
[18] L. Wu, X.-D. Zhang, P.-S. Li, and Y.-T. Su, “A blind CFO estimator based on smooth-
ing power spectrum for OFDM systems,” IEEE Transactions on Communications,
vol. 57, pp. 1924–1927, July 2009.
[19] F. Yang, K. H. Li, and K. C. Teh, “A carrier frequency offset estimator with minimum
output variance for OFDM systems,” IEEE Communications Letters, vol. 8, pp. 677–
679, Nov. 2004.
[20] L. Litwin, “An introduction to multicarrier modulation,” IEEE Potentials, vol. 19,
pp. 36–38, Apr./May 2000.
[21] J. Bingham, “Multicarrier modulation for data transmission: an idea whose time has
come,” IEEE Communications Magazine, vol. 28, pp. 5–14, May 1990.
[22] W. Y. Zou and Y. Wu, “COFDM: an overview,” IEEE Transactions on Broadcasting,
vol. 41, pp. 1–8, Mar. 1995.
[23] R. Prasad and S. Hara, “Overview of multi-carrier CDMA,” IEEE Communications
Magazine, vol. 35, pp. 126–133, Dec. 1997.
[24] N. Yee, J.-P. Linnartz, and G. Fettweis, “Multi-carrier CDMA in indoor wireless radio
networks,” PIMRC, 1993.
116
[25] H. Kobayashi, T. Fukuhara, H. Yuan, and Y. Takeuchi, “Proposal of single carrier
OFDM technique with adaptive modulation method,” IEEE Vehicular Technology
Conference, vol. 3, pp. 1915–1919, Apr. 2003.
[26] A. Czylwik, “Comparison between adaptive OFDM and single carrier modulation
with frequency domain equalization,” IEEE Vehicular Technology Conference, vol. 2,
pp. 865–869, May 1997.
[27] J. Tubbax, B. Come, L. V. der Perre, L. Deneire, S. Donnay, and M. Engels, “OFDM
versus Single Carrier with Cyclic Prefix: a system-based comparison,” IEEE Vehicu-
lar Technology Conference, vol. 2, pp. 1115–1119, Oct. 2001.
[28] D. Falconer, S. L. Ariyavisitakul, A. Benyamin-Seeyar, and B. Eidson, “Frequency
domain equalization for single-carrier broadband wireless systems,” IEEE Communi-
cations Magazine, vol. 40, pp. 58–66, Apr. 2002.
[29] N. Benvenuto and S. Tomasin, “On the comparison between OFDM and single carrier
modulation with a DFE using a frequency-domain feedforward filter,” IEEE Transac-
tions on Communications, vol. 50, pp. 947–955, June 2002.
[30] C. R. Nassar, B. Natarajan, Z. Wu, D. A. Wiegandt, S. A. Zekavat, and S. Shattil,
Multi-carrier Technologies for Wireless Communications. Springer, Nov. 2002.
[31] D. A. Wiegandt, Z. Wu, and C. R. Nassar, “High-throughput, high performance
OFDM via pseudo-orthogonal Carrier Interferometry spreading codes,” IEEE Trans-
action on Communication, vol. 51, pp. 1123–1134, July 2003.
[32] D. A. Wiegandt, Z. Wu, and C. R. Nassar, “High-performance Carrier Interferometry
OFDM WLANs: RF testing,” IEEE International Conference on Communications
(ICC) 2003, vol. 1, pp. 203–207, May 2003.
117
[33] M. L. Roberts, M. A. Temple, M. E. Oxley, R. F. Mills, and R. A. Raines, “A spectrally
modulated, spectrally encoded analytic framework for carrier interferometry signals,”
Proceedings of the 2006 international conference on Wireless communications and
mobile computing (IWCMC), pp. 1009–1014, 2006.
[34] M. Roberts, M. Temple, R. Raines, R. Mills, and M. Oxley, “Communication wave-
form design using an adaptive spectrally modulated, spectrally encoded (SMSE)
framework,” IEEE Journal of Selected Topics in Signal Processing, vol. 1, pp. 203
–213, June 2007.
[35] Y. Zhao and S.-G. Haggman, “Intercarrier interference self-cancellation scheme for
OFDM mobile communication systems,” IEEE Transactions on Communications,
vol. 49, pp. 1185–1191, July 2001.
[36] A. Seyedi and G. J. Saulnier, “General ICI self-cancellation scheme for OFDM sys-
tems,” IEEE Transactions on Vehicular Technology, vol. 54, pp. 198–210, Jan. 2005.
[37] H.-G. Ryu, Y. Li, and J.-S. Park, “An improved ICI reduction method in OFDM com-
munication system,” IEEE Transactions on Boradcasting, vol. 51, pp. 395–400, Sep.
2005.
[38] W. M. Jang, L. Nguyen, and P. Bidarkar, “MAI and ICI of synchronous downlink
MC-CDMA with frequency offset,” IEEE Transactions on Wireless Communications,
vol. 5, pp. 693–703, Mar. 2006.
[39] R. Zhou, X. Li, V. Chakravarthy, B.Wang, and Z.Wu, “Inter-carrier interference self-
cancellation in synchronous downlink MC-CDMA system,” IEEE International Wire-
less Communications and Mobile Computing Conference (IWCMC) 2009, pp. 739–
743, June 2009.
118
[40] B. Natarajan, C. Nassar, S. Shattil, M. Michelini, and Z. Wu, “High-performance
MC-CDMA via carrier interferometry codes,” IEEE Transactions on Vehicular Tech-
nology, vol. 50, pp. 1344–1353, Nov. 2001.
[41] Z. Wu, P. Ratazzi, V. Chakravarthy, and L. Hong, “Performance evaluation of adaptive
non-contiguous MC-CDMA and non-contiguous CI/MC-CDMA for dynamic spec-
trum access,” IEEE International Conference on Cognitive Radio Oriented Wireless
Networks and Communications (CROWNCOM) 2008, pp. 1–6, May 2008.
[42] X. Li, R. Zhou, B. Wang, and Z. Wu, “High performance FD-MC-CDMA via car-
rier interferometry codes,” IEEE International Wireless Communications and Mobile
Computing Conference (IWCMC) 2009, pp. 1126–1130, Jun 2009.
[43] X. Li, R. Zhou, J. Zhang, V. Chakravarthy, and Z. Wu, “Inter-carrier interference
self-cancellation for CI/MC-CDMA system,” IEEE Waveform Diversity & Design
Conference, 2012.
[44] X. Li, R. Zhou, V. Chakravarthy, S. Hong, and Z.Wu, “Total intercarrier interference
cancellation for OFDM mobile communication systems,” IEEE Consumer Communi-
cations and Networking Conference (CCNC) 2010, pp. 1–5, Jan. 2010.
[45] X. Li, R. Zhou, S. Hong, and Z.Wu, “Total intercarrier interference cancellation for
MC-CDMA system in mobile environment,” IEEE Global Communications Confer-
ence (Globecom) 2010, pp. 1–6, Dec. 2010.
[46] M. Dillinger, K. Madani, and N. Alonistioti, Software Defined Radio: Architectures,
Systems and Functions (Wiley Series in Software Radio). Wiley, 1 edition, July 2003.
[47] R. Zhou, X. Li, V. Chakravarthy, H. Li, and Z.Wu, “The demonstration of SMSE
based cognitive radio in mobile environment via software defined radio,” IEEE Global
Communications Conference (Globecom) 2010, Dec. 2010.
119
[48] “USRP available at: http://www.ettus.com,”
[49] P. Moose, “A technique for orthogonal frequency division multiplexing frequency
offset correction,” IEEE Transactions on Communications, vol. 42, pp. 2908–2914,
Oct. 1994.
[50] X. Li, S. Hong, V. Chakravarthy, M. Temple, and Z. Wu, “Intercarrier interference
immune single carrier OFDM via magnitude-keyed modulation for high speed aerial
vehicle communication,” IEEE Transactions on Communications, vol. 61, pp. 658–
668, Feb. 2013.
[51] X. Li, V. Chakravarthy, and Z. Wu, “Intercarrier interference immune single carrier
OFDM via magnitude shift keying modulation,” IEEE Global Communications Con-
ference (Globecom) 2009, pp. 1–6, Dec. 2009.
[52] D. A. Shnidman, “The calculation of the probability of detection and the generalized
Marcum Q-function,” IEEE Transactions on Information Theory, vol. 35, pp. 389–
400, Mar. 1989.
[53] G. Arfken, Mathematical Methods for Physicists. Academic Press, 6 ed., June 2005.
[54] M. Gardner, Knotted Doughnuts and Other Mathematical Entertainments. W.H. Free-
man & Company, Oct. 1986.
[55] J. Proakis, Digital Communications. McGraw-Hill Science/Engineering/Math, 4 ed.,
Aug. 2000.
[56] A. Goldsmith, Wireless Communications. Cambridge University Press, Aug. 2005.
[57] J.-J. van de Beek, M. Sandell, and P. Borjesson, “ML estimation of time and fre-
quency offset in OFDM systems,” IEEE Transactions on Signal Processing, vol. 45,
pp. 1800–1805, July 1997.
120
[58] A. Al-Dweik, “Robust non data-aided frequency offset estimation technique,” IEEE
International Symposium on Personal, Indoor and Mobile Radio Communications,
vol. 2, pp. 1365–1369, Sept. 2004.
[59] X. N. Zeng and A. Ghrayeb, “A blind carrier frequency offset estimation scheme for
OFDM systems with constant modulus signaling,” IEEE Transactions on Communi-
cations, vol. 56, pp. 1032–1037, July 2008.
[60] T. Roman and V. Koivunen, “Subspace method for blind CFO estimation for OFDM
systems with constant modulus constellations,” IEEE Vehicular Technology Confer-
ence, vol. 2, pp. 1253–1257, June 2005.
[61] X. Li, E. Like, Z. Wu, and M. Temple, “Highly accurate blind carrier frequency offset
estimator for mobile OFDM systems,” IEEE International Conference on Communi-
cations (ICC) 2010, pp. 1–5, May 2010.
[62] Q. Han, X. Li, M. Temple, and Z. Wu, “Intercarrier interference cancellation for
wideband OFDM in high speed aerial vehicle communication,” IEEE International
Conference on Computing, Networking and Communications (ICNC) 2013, 2013.
121
